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ABSTRACT 
In this thesis the transport properties of electrons and holes in MOCVD grown GaN and 
electron transport in InGaN have been studied. This work includes the temperature 
dependence of carrier density and the mobility using Hall effect and resistivity 
measurements in a wide temperature range of 10-450K both at atmospheric and at high 
hydrostatic pressures up to 8 kbar. The epilayers studied are relatively thin, typically 3-5 
µm. The thickness of the layers was checked using interference fringes observed in 
spectroscopic ellipsometry technique. 
For n-type GaN we have divided our unintentionally doped GaN epilayers into two groups; 
those that are grown on silicon nitride treated sapphire and those grown on GaN buffer 
layers. Although measurements showed all the as-grown samples have n-type conductivity, 
those materials which are grown on silicon nitride treated sapphire contain a lower 
background electron density and higher mobility. Hall electron density and Hall mobility 
data have been successfully analysed considering the charge neutrality condition using a 
multi-band model and including conduction band electron mobility calculations in the 
relaxation time approximation (RTA) and using an iterative solution of Boltzmann 
equation incorporating Fermi-Dirac statistics. From the mobility analysis the role of neutral 
impurity scattering has been found as an important limiting mechanism in the mobility of 
the carriers. Analysis showed self-consistent agreement can be obtained for both the carrier 
density and the mobility. The role of dislocation scattering was found to be negligible. 
My analysis shows that the transport properties of GaN epilayers cannot be explained by 
the conduction band transport alone, a two-carrier transport model is more realistic. This 
parallel conduction can be assumed to be in the impurity band, as we did, or in a thin 
degenerate layer at the GaN/sapphire, as suggested by some groups. In an attempt to 
distinguish between these two models we undertook Hall effect and resistivity 
measurements at high hydrostatic pressure and low temperature. Our results showed that 
there was no significant interfacial layer conduction and that impurity band conduction is 
more probable. We also found that in one GaN sample reported elsewhere, which was 
analysed on the basis of a parallel conducting layer, using a three-carrier transport model is 
more realistic. 
In p-type samples we found that the mobility and carrier density as a function of 
temperature could be described well using a simple model of the valence band. The 
activation energy of holes was found to be in the range from 150meV to 180meV in good 
agreement with other published work. Again we found that it was very important to 
include neutral impurity scattering to obtain good fits to the experimental mobility data. 
In n-type InGaN we were able to analyse the temperature dependence of the electron 
mobility in one sample for the first time and obtained good self-consistent fits to the 
mobility and carrier density. 
Finally the temperature dependence of the electron and hole transport properties in GaN 
were used to model the temperature dependence of the electroluminescence from a GaN 
homojunction LED. The temperature dependence was found to be consistent with the 
changes in electron and hole injection that occur as a result of the strong temperature 
dependence of the hole carrier density in p-type GaN. From the temperature dependence of 
the emission we were able to distinguish between emission that originates from each side 
of the junction. 
r 
Acknowledaements 
The work reported in this thesis was carried out in the Department of 
Physics at the University of Surrey. The work has been supported by the 
Ministry of Culture and Higher Education (MCHE), in my country Iran. 
I would like to thank my supervisor, Dr. D. Lancefield, under whose 
supervision the work was performed, for the continuous help, guidance and 
good humour. Also I would like to thank Prof. A. R. Adams and Prof. E. P. 
O'Reilly for their interesting and informative lectures. I would also like to 
thank Dr. P. Vicente for help with material preparation and P. Thomas for 
assistance with the optical measurements. I would like to express my thanks 
to my fellow students and post-docs. Dr. S. Sweeney, Dr. A. Phillips for 
their help and guidance, Dr. D. Hall, Dr. S. Ghosh, Dr P. Klar, Mr. G. 
Knowles, Miss. S. Constant, Mr. S. Choulis, Dr. S. An for their friendship 
during my studies. 
I am also grateful for technical assistance of Dr. C. N. Ahmad, Mrs. E. 
Griffiths, Mr. W. Sherrer, Mr. P. Warren and Mr J. Batista. Finally I would 
like to thank from all the members in the department for their continuous 
help. Thank you very much. 
Publications 
1. D. Lancefield, H. Eshghi, Comparison of theoretical and experimental electron and 
hole transport in GaN: The role of impurity band conduction and dislocation 
scattering. One day nitride conference, university of Surrey, July 1997. 
2. H. Eshghi, D. Lancefield, Theoretical and experimental electron transport in GaN: 
The role of dislocation scattering and impurity band conduction. CMMP university of 
Exeter, 1997. 
3. H. Eshghi, D. Lancefield, B. Beaumont, Electron transport in MOVPE GaN grown 
on silicon nitride treated sapphire, presented at UK Nitride Consortium, London Oct. 
1998 & CMMP university of Manchester, Dec. 1998. 
4. H. Eshghi, D. Lancefield, B. Beaumont, presented at 3rd Internat. Nitride 
Semiconductors, Montpellier, July 1999; phys. stat. sol. (b) 216,733 (1999). 
5. D. Lancefield, A. Crawford, H. Eshghi, B. Beaumont and P. Gibart, To be 
submitted to J. Appl. Phys. 
6. D. Lancefield, H. Eshghi, B. Beaumont, P. Gibart and M. A. Di Forte-Poisson, to be 
submitted to J. Appl. Phys. 
i 
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a atomic spacing, lattice constant 
B magnetic field 
b bowing parameter 
c lattice constant 
C, average longitudinal elastic constant 
Cl average transverse elastic constant 
d thickness 
E energy state 
Ea acceptor energy 
EAC acoustic deformation potential 
E,, conduction band minimum 
Ed donor energy 
Ef Fermi energy 
Eg forbidden energy gap 
E valence band maximum energy 
E,, electric field (x-component) 
f nonequilibrium Fermi-Dirac distribution function 
fo equilibrium Fermi-Dirac distribution function 
F external force 
g degeneracy factor 
h14 piezoelectric constant 
ti h/2zc 
I current 
J electric current density 
k electron wavevector 
k compressibility 
kg Boltzmann's constant (1.38x10"23 J/K) 
M reduced ion mass 
mo free electron mass (9.11 x 10-31 kg) 
m*, electron effective mass 
m'h hole effective mass 
nil Hall carrier density 
nC conduction band electron concentration 
Na total acceptor atom concentration 
Nc effective conduction band density of states 
Nd total donor atom concentration 
N effective valence band density of states 
p valence band hole concentration 
P pressure 
q electronic charge, absolute value (e=1.602x10"I9 C) 
r direct space vector 
rl{ Hall factor 
R resistance 
R11 Hall coefficient 
T temperature 
V voltage, volume of the crystal 
VC volume of the primitive cell 
Vd drift velocity 
Vg carrier group velocity 
x electron kinetic energy 
Z charge state of an impurity or defect 
co permittivity of free space (8.85x10'12 F/m) 
CS low frequency dielectric constant 
EGO high frequency dielectric constant 
11 (E f"Ec)/kaT for conduction band, (E-E f)/k3T for valence band 
XD Debye screening length 
µC drift mobility 
914 Hall mobility 
p resistivity, mass density 
a Conductivity 
0 LO phonon temperature, angle of incident, compensation ratio 
TM momentum relaxation time 
Co phonon frequency 
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Chapter 1 Introduction to the Growth and Electrical 
Properties of GaN 
1.1 Introduction 
The III-N compound semiconductors GaN, AN, InN and related alloys have had a 
surprisingly long history despite the recent increase in activity after the breakthroughs 
by Amano et al. ' and others as outlined in the book by Nakamura and Fasol2. They 
have been considered as promising materials for a number of applications including: 
1. LED and lasers emitting in the blue and ultraviolet (UV) wavelengths. Until 
recently the vast majority of semiconductor optical devices operate from IR to 
green wavelengths. If this range could be extended into the blue and UV region of 
the electromagnetic spectrum, the ability to generate the three primary colours 
would allow a range of display applications to become viable. In addition, the 
shorter wavelengths would allow increased densities for data storage. The 
wurtzite polytypes of GaN, AN, and InN form a continuous alloy system whose 
direct band gaps range from 1.9 eV for InN, to 3.4 eV for GaN, and 6.2 eV for 
AIN. This potential for fabricating optical devices has recently been realised and is 
progressing rapidly although there remain areas of material and device physics 
that are still controversial. 
2. Devices capable of operation at high temperatures, i. e. >300`C. The large band 
gap means that the associated intrinsic carrier density is small. The intrinsic carrier 
density of Si at 300°C is -1015 cm73. The same intrinsic carrier density in GaN is 
obtained at 1300°C. This makes GaN suitable for applications in high temperature 
environments, such as in car engines, and in devices where self-heating causes the 
device temperature to rise. Such systems normally require sophisticated cooling 
which adds both to the cost and the weight. However, the temperature 
dependence of the hole carrier density currently observed is likely to limit bipolar 
device operation. 
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The material currently available is defect dominated and, although this seems to have 
had a remarkably small effect so far, questions of long-term reliability remain. During 
the 1960's and 1970's much effort was expended to grow and characterise GaN, AIN 
and InN. This material system is the wide band gap equivalent of AlGaAs/InGaAs, i. e. 
it also allows the heterostructure technology of quantum wells, modulation doping 
and strain incorporation. However, the development of growth techniques across this 
range of materials is not straightforward. Workers were faced with three main 
difficulties during the growth process: 
(i) 
(ii) 
(iii) 
lack of a suitable substrate material with a reasonably close lattice match, 
high carrier concentrations in n-type films, the cause of which is still unclear 
but may be associated with nitrogen vacancies, and 
the inability to grow p-type film even in material with relatively low 
background electron concentrations. 
Despite these difficulties, and the lack of modem crystal growth and characterisation 
techniques, much progress was made in understanding the properties of these 
materials during this period. In the last few years, as a result of the improved crystal 
growth techniques, several important problems have been addressed in the group III- 
nitrides. A reduction of the defect concentration by one to two orders of magnitude 
compared to first generation samples has allowed high quality layers in relatively thin 
films to be grown. The n-type background carrier density has been reduced to as low 
as 4x1014 cm73 3, the activation of p-type GaN has been achieved, and the growth of 
AIGaN/GaN/InGaN heterostructures and quantum wells has been established. It is 
expected that this rapid progress will continue. 
An outline of this thesis is as follows. In the remainder of this chapter I present a brief 
literature review on growth and the parameters affecting the quality of the epilayer. I 
then describe the latest improvements in the electrical properties of n and p-type GaN. 
Chapter 2 discusses the band structure and material parameters of GaN and InGaN. 
In Chapter 31 review some key points of low field carrier transport theory in direct 
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band gap semiconductors in general and GaN in particular. The experimental 
apparatus and techniques used are described in Chapter 4. My own experimental and 
theoretical studies of GaN and InGaN then follow. In Chapter 5I discuss electron 
transport in GaN at atmospheric and at high hydrostatic pressures. Chapter 6 
describes hole transport in p-type GaN, while in Chapter 7 the electron transport in 
InGaN is investigated. In Chapter 8I describe how these transport studies influence 
the electroluminesent (EL) properties of a GaN homojunction LED. 
1.2 The common growth techniques for GaN 
Remarkable progress in the growth of high-quality epitaxial III-nitride films by a 
variety of methods has recently been achieved. The most successful techniques to date 
are metalorganic chemical vapour deposition (MOCVD) and molecular beam epitaxy 
(MBE). Although both approaches have advantages and disadvantages in the 
following I describe some aspects of the MOCVD technique because we have mainly 
measured material grown by this method. In this method the substrate material and its 
polishing quality, buffer layer material, growth temperature and thickness; and the 
film growth conditions including growth temperature and III/N ratio are the most 
important parameters controlling film quality. These factors are the subject of the 
following sections. 
1.2.1 Substrate materials 
One of the major difficulties that has hindered GaN research is the lack of a suitable 
substrate material that is lattice matched and thermally compatible with GaN. GaN, 
AN, and InN have been grown primarily on sapphire, most commonly on the (0001) 
orientation. Table 1.1 summarises the lattice parameters and thermal characteristics of 
a number of substrate materials that have been used for nitride growth. It is notable 
that it has been possible to grow thick, 0.3 to 0.85mm GaN epilayers by Hydride 
Vapour Phase Epitaxy (HVPE) method on basal plane sapphire substrate. The 
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sapphire was then ground away to produce GaN films as thick as 0.80mm. However, 
the reproducibility of the method at present seems poor4. An alternative approach to 
grow bulk GaN at high pressures and temperatures has, to date, only resulted in small 
crystals 5. 
Most GaN films and other III-nitride materials have been grown on sapphire despite 
its relatively poor structural and thermal match with the nitrides. The preference for 
sapphire substrates can be attributed to its wide availability, hexagonal symmetry, and 
its ease of handling and pregrowth cleaning. Sapphire is also stable at the high 
temperatures (1000°C) required for epitaxial growth using the various techniques 
commonly employed. Due to the large thermal mismatch between the nitrides and 
their substrate materials (for example about 25% between GaN and sapphire) most 
epitaxial nitride films are subjected to some degree of strain which is introduced 
during the postgrowth cooling. This fact has been largely ignored in the literature. To 
limit the effect of lattice mismatch and to obtain good quality material most recent 
layers include a thin buffer layer. 
It has been established that the crystal structure of epitaxial GaN is most strongly 
influenced by the substrate material and orientation. Although the equilibrium crystal 
structure for each of the group III-nitrides is the wurtzite structure GaN and InN have 
been observed to have the zinc-blende structure when grown on a cubic substrate. 
Cubic GaN has been grown on (001) GaAs6'7'8.9, cubic SiC10"", MgO'2 and (001) Si13. 
All GaN grown to date on either (111) Si or (111) GaAs has been wurtzite. This can 
be understood when one considers the nature of the wurtzite and (111) zinc-blende 
crystal structures. Each is an interpenetrating sublattice of the group III and V 
materials in which every atom is tetragonally co-ordinated with four atoms of the 
opposite species, with an almost identical nearest neighbour positions. These 
structures are mainly different in the relative positions of the second nearest 
neighbours. In wurtzite structure these neighbours are eclipsed while in the zinc- 
blende structure they are staggered. The overall similarity between these structures 
4 
explains the observed similarity in the physical properties of the wurtzite and zinc- 
blende GaN phases. 
Table 1.1: Properties of a range of nitride substrate materials in order of increasing 
14 mismatch with wurtzite GaN. 
Substrate Symmetry Lattice The coefficient of thermal 
Material parameters [Ä] expansion [x 10-6 /K] 
a=3.189 5.59 
WZ-GaN Hexagonal 
c=5.185 3.17 
a=3.252 2.9 
ZnO Hexagonal 
c=5.213 4.75 
a=3.112 4.2 
WZ-AIN Hexagonal 
c=4.982 5.3 
a=3.08 4.2 
6H-SiC Hexagonal 
c =15.12 4.7 
MgO Cubic a=4.216 10.5 
3C-SiC Cubic a=4.36 2.7 
a=4.758 7.5 
a-A1203 Hexagonal 
c= 12.991 8.5 
Si Cubic a=5.4301 3.59 
GaP Cubic a=5.4512 4.65 
GaAs Cubic a=5.6533 6.0 
InP Cubic a=5.8693 4.5 
MgA]2O4 Cubic a=8.083 7.45 
The growth of GaN in the (0001) direction is readily achieved. A high quality film 
should be grown on a smooth and lattice matched surface. A smooth surface has been 
achieved recently by an improved polishing method. It has been found that on the 
(1120) surface of sapphire there is no evidence of polishing scratches but on the 
(0001) surface they are on the order of 7A15. The influence of the lattice mismatch 
between GaN and the sapphire, which is about 23%16, has been reduced by Ilegems 
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and Montogmery" by growing a thick, -100 µm, epilayer to obtain good quality 
material. 
The III-nitride wurtzite structures lack inversion symmetry and can develop large 
piezoelectric fields when strained along the (0001) axis18. This may arise as a result of 
a lattice mismatch and differences in the thermal expansion coefficients between the 
epilayer and the substrate. In addition, wurtzite GaN has a c: a ratio that differs from 
the value of 8/3 found in a perfect hexagonal-close-packed structure. 
Consequently, because of the lack of inversion symmetry and the partly ionic nature 
of the GaN bond, a net dipole moment can give rise to spontaneous polarisation'9. 
The combination of these effects are expected to have a significant effect on the band 
bending in heterojunction and quantum well structures while recently their influence 
on the transport properties of GaN has been discussed by Harris et a1.40. To date the 
importance of these effects on the transport properties of bulk layers remains unclear 
but I have considered them briefly in chapter 5. 
1.2.2 Buffer layer 
Attention has been paid to the optimisation of the initial nitride overgrowth in order 
to minimise the defect density resulting from the lattice mismatch with the substrate. 
Any deviation from regular crystallinity introduces some strain in the crystal. This 
may give rise to changes in the band structure and be responsible for the creation of 
defects and dislocations that lead to an increased free carrier density and reduction of 
the free carrier mobility. 
Today, the lattice mismatch problem has been reduced by growing a thin buffer layer 
on the top of the sapphire substrate. Although this layer has an amorphous structure, 
it has been found that it greatly improves the nitride layers grown afterwards. Yoshida 
et al. 2U2 were the first to observed an improvement in GaN grown on sapphire when 
an AIN buffer layer was used. Akasaki et al. 23. x4 extensively studied the effect of an 
AIN buffer layer. The electron concentration in the GaN decreased by two orders of 
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magnitude while the mobility increased by a factor of 10. The near band gap 
photoluminescence (PL) was two orders of magnitude more intense and the X-ray 
diffraction peak width was four times smaller in layers having an AIN buffer layer. 
GaN grown directly on sapphire nucleated in tiny microcrystallites which led to 
hexagonal islands on the surface of the GaN films. When a buffer layer was used, the 
AIN was more highly oriented and the growth became 2D more quickly allowing 
improved GaN morphology to be obtained. Gaskill et al. 15 have reported the optimum 
AN thickness of 175A on (1120) sapphire substrate with a growth temperature of 
450°C for 3.5 µm GaN films. Nakamura25 has been able to grow 4 µm of GaN of 
extremely high quality directly on sapphire with (0001) orientation with an GaN 
buffer layer. The optimum buffer layer thickness was 200A and the growth 
temperature was between 450°C and 600°C. 
1.2.3 Substrate pre-treatment before buffer layer deposition 
Recently Keller et al. 26 and Vennegues et al. 27 have found that pre-treating the 
sapphire surface can also lead to a reduction in the dislocation density of epilayers 
grown by MOCVD by about two orders of magnitude. The first group exposed the 
sapphire surface to ammonia prior to the GaN initiation. They found that the surface 
nitridation reduced the dislocation density from 2x 101° to 4x 108 cm 2. The second 
group deposited an extremely thin silicon nitride layer on top of the sapphire substrate 
prior to the low temperature growth of a 250Ä GaN buffer layer. They found that 
during annealing at 1080°C the buffer layer crystallises forming GaN islands. 
Subsequent epitaxial deposition of GaN proceeds by both lateral and vertical 
expansion of these islands and ends up after coalescence in high quality GaN layers 
with dislocation densities in the low 107-108 cm 2 range. In chapter 5 we describe the 
electronic transport properties of these SiN treated sapphire samples. 
1.3 Electrical properties of as-grown n-type wurtzite GaN 
Semiconductor device performance depends upon the controllability of the electrical 
properties of the constituent materials. In GaN, even in the absence of any intentional 
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doping and independent of the growth technique, a high background electron 
concentration (>_1017 cm'3) has been reported. Ilegems and Montgomery 16 believed 
that the main source of free carriers came from native defects. Some 
researchers28'29,30.31 believe that nitrogen vacancies are mainly responsible which may 
come from high substrate temperature (typically 1000°C for MOCVD). Although 
even MBE, with a lower growth temperature (-6001C), is subject to a similar high 
background electron concentration32. Recently, Zhvng et al. 33 have reported that the 
N vacancy is one of the major sources of carriers when the carrier concentration n< 
2x10i7 CM-3 , 
but the main source should be other defects when n>2x1017 cm 3. 
Ilegems and Montgomery 16 have grown GaN layer on the (0001) sapphire substrate 
by vapour phase epitaxy (VPE). In order to overcome the large lattice mismatch, they 
grew thick (>100 µm) GaN layers on sapphire. By this approach they succeed in 
reducing the background concentration from 1019cm'3 to 1017cm'3. They performed 
temperature dependent Hall measurements from IOK to 900K on GaN having a room 
temperature background electron concentration n=3x1017cm'3 with a mobility of p, 
-300 cm2/V. s. However, it should be noted that due to the range of edge dislocation 
densities in such epilayers the non-uniformity makes interpretation of the transport 
measurements more difficult. 
Developments to the design of MOCVD and MBE reactors and refinements to the 
growth have allowed buffer layers to minimise the effects of lattice mismatch between 
epilayer and substrate. These improvements also tend to the reduction of the growth 
rates and thickness by about one and two orders of magnitude, respectively23.25 
Nakamura34 has reported the highest GaN mobilities to date. He has obtained room 
temperature and liquid nitrogen temperature mobilities of µII 900 cm2/V. s and 
µn3 000 cm2/V. s at carrier concentrations of n=3.1 x 1016 cm 3 and n __1x 101 
6 cm 3, 
respectively. It is apparent that even in the best, unintentionally doped, GaN the 
background electron concentration is still about 4x 1016 cm-3. 
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Many groups'7'34,35,36,37,38 have reported the electrical characteristics of doped and 
undoped n-type GaN grown by MOCVD and MBE. A surprising similarity between 
the Hall mobility vs. carrier concentration for samples grown by MOCVD and MBE 
methods at distinctly different temperatures is shown in Fig. 1.1. 
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Fig. 1.1 The 300K Hall mobility vs. free electron concentration for GaN from various 
groups using MOCVD and MBE. 
This data indicates that: (1) there is a wide variation in carrier concentration, 
reflecting the crystal quality and purity of the materials. (2) Irrespective of whether 
the sample was intentionally doped or not all samples appear to follow a similar trend 
in µ vs n. This implies that the transport properties of GaN are intrinsic and not 
dependent on the method of growth. (3) We consider the range of mobilities for a 
given electron concentration as a gauge of compensation. The similarity between the 
data for unintentionally doped samples (open symbols) and intentionally doped 
samples (closed circles) implies that the degree of compensation for doped and 
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unintentionally doped samples is similar, assuming that the dislocation density in the 
samples is similar. 
For GaN, Si was found to be a shollow donor that incorporates effectively on Ga 
sites39. Gotz et al. 4° have reported a donor ionisation energy in the range from 12 to 
18 meV for donor concentrations ranging from 8x10" to -6x1016cm3, respectively. 
This activation energy is similar to that found in unintentionally doped GaN films, 
which is reported to be -15-30 meV28. Consequently there is a suspicion that Si 
originates from quartz chamber during the growth process at 1000°C. 
1.4 P-type wurtzite GaN 
1.4.1 Doping materials 
The ability to dope GaN and related materials p-type is critical for a range of devices. 
Point defects are the most common defects occurring in semiconductors, in general, 
and GaN, in particular. As noted in the previous section the main problem in as- 
grown GaN layers is the high electron background concentration in unintentionally 
doped materials most likely due to nitrogen vacancies. Consequently some 
groups41,42'43 have tried to dope GaN with elements from group IV of the periodic 
table, mainly Ge, Si and C, in the hope that they would occupy these vacant sites, but 
with negative results. It is reported that only C has a p-type characteristic in samples 
grown by MBE method`. Another possible point defect in GaN epilayers could be Ga 
vacancies. Therefore, people tried to dope the layer using an element from group II in 
the periodic table expecting a substitution in these vacant sites. Zn, Mg, Cd, Be, and 
Hg were the main elements studied. However, because of the n-type characteristic of 
the unintentionally doped GaN most of these efforts resulted in highly resistive layers 
which may be due to compensation. Among all these efforts Amano et aV5 succeeded 
in demonstrating p-type conductivity in a Mg doped layer with a hole concentration 
of 10"cm3 at 300 K and relatively low resistivity 12 Q. cm (compared to the as- 
grown layer of typically 10g Q. cm). This was achieved by irradiating the epilayer with 
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a low energy electron beam. Nakamura 46 used this treatment (using a5 keV electron 
beam) and improved the room temperature hole density to 3x1018 cm 3, obtaining a 
mobility of 9 cm2/V. s and a resistivity of 0.2 Q. cm. This value of hole concentration is 
the highest ever reported for a p-type GaN layer. 
The low energy electron beam irradiation (LEEBI) treatment is successful in 
activating the Mg atoms as the acceptors. Unfortunately, due to the low energies the 
electrons only have a small penetration depth and, as a result, only a very thin layer 
(-0.35 µm) close to the surface of the film can be made strongly p-type. For some 
devices such a limitation on the p-type layer thickness is unacceptable. This 
phenomena of beam induced type conversion was explained by van Vechten et al. 47on 
the basis of activation of Mg atoms in the Mg-H complexes. Nakamura et al. 48 found 
that ammonia, which is used as a source of nitrogen in the MOCVD growth process, 
dissociates into nitrogen and hydrogen above 400°C. The hydrogen atoms are 
believed to passivate the acceptors by the formation of an electrically neutral 
complex, Mg-H, which leads to a highly resistive GaN epilayer. They solved this 
problem by thermal annealing in a nitrogen atmosphere49. They also showed that this 
process can be reversed by annealing in an hydrogen ambient. The thermal annealing 
technique has some advantages compared to the LEEBI process: it is much faster, 
more reliable and converts the full depth of the doped layer. 
1.4.2 Activation energy of different dopants 
The analysis of transport data by several groups has shown that Mg has an activation 
energy of about 150-200 meV, depending on the concentration of acceptors and 
compensating donors. This value is about 2-4 times less than other acceptor 
impurities. Fig. 1.2 shows a number of these elements and their relevant energy states 
relative to the top of the valence band. Although Mg atoms are the shallowest 
acceptors known to date, their activation energy is about 6 times bigger than the 
average thermal energy of the lattice (kBT) at room temperature. According to a 
simple thermal activation model it is expected that only a small fraction (-0.1-1%) of 
the acceptor concentration contribute to the hole conductivity of the material at room 
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temperature. Thus, large amounts of Mg must be incorporated to obtain high doping 
levels in GaN. Moreover, the carrier density is strongly temperature dependent which 
may be a problem in applications where the device temperature may vary. Work 
aimed at lowering the Mg activation energy using superlattice structure has been 
reported50 while a search for a shallower acceptor level continues. 
1.4.3 Electrical properties of p-type GaN 
The success in achievement a p-type conductivity in GaN using Mg doping has been a 
breakthrough in the development of wide band gap semiconductor devices. There are 
very few published articles that show the electrical transport properties of holes in 
GaN. Gotz et al. -5' and Nakayama et al. 52 have reported some of their Hall 
measurement results for Mg doped GaN samples grown by MOCVD method. In all 
these samples, Mg acceptors were thermally activated at temperatures between 500- 
750°C. According to these measurements, the hole concentration at room 
temperature varies between about 3x1015 to 1x10" Cm -3 and their corresponding hole 
mobility from -4 to 10 cm2/V. s. Only one paper has reported an analysis of the 
transport properties of holes in GaN53. 
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Fig. 1.2 Schematic diagram of the estimated binding energies of some acceptors and 
donors in GaN54 
12 
Chapter 2 Band Structure and Material Parameters 
2.1 Band Structure of Wurtzite GaN 
There are three common crystal structures shared by the group III nitrides: the 
wurtzite, zinc-blende and rocksalt structures. At room temperature and atmospheric 
pressure thermodynamically stable structures are wurtzite for bulk AIN, GaN and 
InN. The wurtzite structure has a simple hexagonal direct lattice and thus two lattice 
constant, a and c, as shown in Fig. 2.1. It consists of two interpenetrating hexagonal 
closed packed sublattices, each with one type of atom, offset along the c-axis by 
approximately 5/8 of the cell height. In reciprocal space the appropriate Brillouin 
zone is a hexagonal prism, as also shown in Fig. 2.1, with some high symmetry 
points. 
!4 -a-ý 
Fig. 2.1 The wurtzite crystal structure (left), and the Brillouin zone for the simple 
hexagonal lattice (right). 
According to the Schrödinger equation when an electron moves in a perfect bulk 
crystal, depending on the specific crystal structure and the constituent atoms, it can 
occupy certain energy levels that form the permitted energy bands, mainly the 
conduction and valence bands. They are separated from each other by a finite 
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energy, which is different at different points in the first Brillouin zone. The smallest 
separation between the minimum of the conduction band (CB) and the maximum of 
the valence band (VB) is referred to the band gap. Fig. 2.2 shows the band structure 
of wurtzite GaN55. Since both the minimum of the CB and the maximum of the VB 
occur at the r point it is a direct band gap semiconductor. It is notable that in low 
field carrier transport we are mainly interested on carriers at this point. The band gap 
of wurtzite GaN is 3.4eV while for cubic GaN it is 3.2-3.3eV. Other important 
results from the solution of the Schrödinger equation are the concept of the carrier 
effective mass and the hole. The former can be considered as the'net effect of the 
given periodic potential on the carriers. The latter is equivalent to the motion of all 
the valence electrons in the VB with one empty state. This single empty state can be 
considered as a single particle with a positive electronic charge of equal magnitude 
to the electron charge. 
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2.2 The Effect of Imperfections on the Band Structure 
2.2.1 Introduction 
The static perfect crystal is an overly simplified picture of the real situation. In 
reality at a finite temperature, alien atoms and the presence of crystal defects disturb 
the band structure as well as the electron distribution among available energy states. 
These intrinsic and extrinsic imperfections have important effects on the electrical 
and optical properties of semiconductor materials. In this study we are mostly 
interested in the electrical transport properties of GaN. In the following we first 
describe the effect of these imperfections on the band structure and then we find out 
the most probable distribution of electrons at any temperature among the available 
states. This is very important when trying to understand the experimental transport 
data observed in this material. 
2.2.2 Temperature 
Thermal energy induces a vibrational motion to the atoms around their equilibrium 
positions. Consequently, as the band structure is calculated in an idealised static 
model, a change in the band structure with temperature is expected. Temperature can 
affect the band structure by two mechanisms, the thermal expansion of the lattice and 
the electron-phonon interaction. The former is the dominant mechanism at low 
temperatures while the phonon density is small. As described in chapter 3 acoustic 
phonons originated from those lattice vibrations where atoms in the unit cell have an 
in phase, longitudinal motion. This kind of vibration introduces strained regions, 
both compressive and dilated, that change periodically in time throughout the crystal. 
Considering a valence electron at the I'-point, it experiences a spatial periodic 
background potential that periodically changes with time. Theoretical analysis shows 
that the band gap of semiconductors in general decreases as the temperature 
increases. Monemar56 has shown that, by using optical absorption data, the band gap 
of GaN can be deduced from: 
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Es (T) = 3.503 - 5.08 x 10-4T2/(996 - T) (2-1) 
However, in-built strains and various degrees of relaxation mean that the parameters 
quoted here have significant sample to sample variations. 
2.2.3 Impurities 
In a real crystal there are a number of defects, which may or may not be intentionally 
introduced. Unintentional defects can be due to vacancies, anti-site and interstitial 
defects, dislocations and to some extent unintentional impurities. Intentional defects 
normally arise as a result of intentional chemical impurities introduced during the 
crystal growth process. The presence of these defects disturbs the ideal periodic 
potential of the host atoms. Depending on the range of this disturbance the defect can 
be classified as being either a shallow or deep defect level. These defects can 
introduce new electronic states in the regions of allowed bands or within the 
forbidden energy gap. The defects that arise may then act as donor or acceptor levels. 
Any defect has two specific characteristics, concentration and activation energy. 
For a given impurity, say a donor atom, if the doping density is low the coupling 
between the neighbouring impurities is negligible and the outer shell electron(s) have 
a well-defined energy level in the band gap. As the doping density increases the 
average distance between the alien atoms decreases and the electron wavefunctions 
are perturbed by the presence of nearby neighbours. This interaction can leads to the 
broadening of the discrete energy states until, eventually, they form an additional 
band, called an impurity band (IB), inside the band gap. This effect is similar to the 
band formation of a crystal considering the tight binding model. The main difference 
is in their atomic arrangement. In a crystal, atoms are sited on regular sites but the 
alien atoms are embedded randomly among the host atom sites. In such a case the 
electron wavefunctions are not strictly localised and have a semi-extended nature 
and therefore a finite conductivity. 
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2.2.4 Pressure 
The application of hydrostatic pressure can also change the semiconductor band 
structure. This effect is mainly due to the change in the lattice constant(s) of the 
crystal via the material compressibility. This quantity is defined as: 
I dV 
V dP 
(2-2) 
where V is the volume of the material. GaN has a small compressibility compared to 
that of GaAs, i. e. about 0.5x10"3 /kbar for GaN compared to about 1.34x10-3 /kbar 
for GaAs (see Table 2.1). According to the tight binding model as the lattice constant 
of a crystal decreases, the repulsion between the CB and VB electrons increases. 
This leads to an increase in the direct band gap of the material. The kp perturbation 
theoryS7, which considers the interaction of the conduction band with the valence 
band and with the nearest conduction bands, predicts that as Eg changes (increase, 
for example) the curvature of the band edges also changes (decreases) or in other 
words the carrier effective mass in the crystal changes (increases). Therefore there is 
a direct relation between the increase in applied pressure, the direct band gap of the 
semiconductor and the effective mass of the carriers. Eq. (2-3) shows a simplified 
version of this relationship when the interaction between the conduction band and 
the remaining conduction bands are weak and negligible 57 
m; 
ýPý 1+ 
E3 
B6 
(2-3) 
where Ep is the momentum matrix element, describing the interaction of the VB with 
the CB, Eg(P) is the direct band gap of the semiconductor at pressure P, and 0 is the 
spin-orbit splitting potential energy. According to this equation the variation of the 
band gap affects the effective mass of the carriers. For most semiconductors at low 
pressures one can consider a linear variation for the band gap versus pressure. It is 
reasonable that materials with a small compressibility have a small variation in the 
band gap with pressure, and also therefore a small change in effective mass with 
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pressure. Table 2.1 shows some parameters for a number of III-V semiconductors, 
including GaN. Fig. 2.3 shows experimental data for the compressibility and the rate 
of change of the band gap vs. the material band gap. From this figure two features 
can be distinguished: (1) There is a clear trend for the variation of compressibility 
with the direct band gap of the materials. This is less clear for the pressure 
coefficient of the direct band gap although the value for GaN is significantly smaller 
than the rest. It seems that for most III-V semiconductors the pressure rate of Eg(I') is 
about 10±lmeV/kbar but for GaN this quantity decreases to about half this value. (2) 
The structure of the GaN seems to make little difference to its compressibility while 
no data is currently available for the pressure dependence of the band gap in zinc- 
blende GaN. 
Table 2.1: Material parameters for some III-V semiconductors, with zinc-blende 
structure, and GaN, including its wurtzite structure. 
InAs InP GaAs Gal? GaN 
Semiconductor 
(ZB) (ZB) (ZB) (ZB) (ZB) (WZ) 
Energy Gap, Eg(fl, 
0.36 1.35 1.43 2.7838 
3.2- 
3.4 
at 300K [eV] 3.359 
Electron effective 
0.028 0.07 0.067 0.13 0.1560 0.22 
mass [mg t /MO] 
Compressibility 
[x 10"3/ kbar] 
1.7261 1.3861 1.3461 1.1361 0.5462 0.5162 
dEe I' 
[meV/ kar] 1061 8.8±0.361 11.2±0.561 10.761 4.263 
dP 
1 dme [x10'2 / kbar] 
0 3.264 0.5365 0.7763 - - -0.1(i) dP m 
(i) Predicted by the author, see Chapter 5. 
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Fig. 2.3 Variation of compressibility and the rate of change of the band gap with 
hydrostatic pressure of some III-V materials shown as a function of the 
direct band gap. 
2.3 Semiconductor Statistics and Charge Distributions 
2.3.1 Fermi-Dirac Statistics 
The most probable occupation distribution of electrons among the possible extended 
energy states in a solid is the subject of Fermi-Dirac statistics. According to which at 
0K all the available states below a specific energy level called the Fermi energy, Ef, 
are full. As the temperature increases some of the electrons close to this energy are 
excited to higher energies and therefore its step-like functional form is blurred 
around Ef. The general form of this function may be written as 
,... -.. 1 tltJ= 
1+lexpE-Ef 
g kBT 
(2-4) 
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where g is the degeneracy factor. It is equal to unity for the occupation probability of 
the electrons in the extended states of the CB and VB, gd =2 for the donor impurity 
states and ga =4 for the acceptor states (due to the fact that the VB is doubly 
degenerate at k= 0). The difference between g-values for extended states and 
localised states comes from the fact that in the latter case the strong Coulomb 
repulsion increases the energy of the level for occupation by two electrons so that 
only one electron can occupy that energy level at normal temperatures. 
When considering the charge distribution among available states in a semiconductor 
the Fermi energy, Ef , has an important role. Its position is such that the charge 
balance equation (CBE): 
Density of electrons + Density of negative centres = Density of holes + Density of positive 
centres 
is valid. Mathematically, this becomes 
1N(E)f(E)dE+ I: Nif(E; )= 1 N(EX1-f(E))dE+ 1: Nd; (1-f(Ed; )) (2-5) Condudian 811 Valence all 
Band acceptor Band mar 
, ý. J 
The first term on the left (right) hand side of this equation represent the electron 
(hole) density in the CB (VB). N(E) is the density of states in the host band. 
Including the detailed expression of N(E) the free electron (hole) density can be 
found, for parabolic band of spherical symmetry, from66: 
n= NcFY2 (r1) 
and 
P-Nv Fy(T1) 
(2-6 a) 
(2-6 b) 
where N. and N" are the effective density of states at the CB and VB edges given by 
20 
33 
N2 
2ýcmýýk6T Z 
N=2( 
2nm,, ýkBT Z 
(2-7 a) c=- hz 'ý hz 
and F, /2(r)) and Flrz(rl') are the Fermi half integrals, defined as: 
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2x2 dx 2x2 dxFy (T1) _ 7= 
0 exp 
(x 
- il) +1' 
F/2 
0ýý exp x- tý' +1 
(2-7 b) 
where the dimensionless quantities x, rl and x', il' are 
_E-Ec _Ef - 
Ec 
x kBT kBT 
and 
(2-8 a) 
x kBT 
Ev -E Ev -E (2-8 b) 
kBT 
The second term on the left hand side of eq. 2-5 is the ionised acceptor density, N. , 
while the equivalent term on the right hand side is the ionised donor density, Nä . 
In a pure semiconductor, where the concentration of embedded alien atoms are 
negligible, at a finite temperature, the origin of free electrons and holes can be due to 
the fact that some of the valence electrons in the VB are excited into the CB. 
Consequently there are equal density of electrons and holes in the two host bands. 
Such carriers produced by raising the temperature are known as the intrinsic carriers. 
In many device applications these carriers are not useful because their density 
changes with temperature and therefore the current in the device is not controllable. 
In GaN, with its large band gap, the intrinsic carrier density is very small and this is 
one property that makes the material of interest for high temperature applications. 
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Most semiconductor devices use material deliberately doped with impurities that 
form shallow states in the band gap for either electrons or holes. Intentional doping 
by impurities with a small activation energy (compared to kBT at room temperature) 
are desirable. Then, it is expected that at normal working temperatures, -300 K, 
nearly all of the localised carriers are excited into the extended states and their 
concentration is nearly constant with temperature. This region is called the 
exhaustion range. It is notable that the density of free carriers can then be determined 
from the doping level incorporated during growth. 
For an n-type semiconductor containing one donor and one acceptor level, the 
general CBE reduces to 
n+N; = 
Nd 
(2-9) 
1+gdexp 
Ef -Ed 
kBT 
Considering Ed = Ec -DEd , where AEd is the activation energy of the donor 
impurity (see section 2.4 for more discussion), this equation leads to 
(n + N. ýxp(tj) 
=1 exp - 
DEd 
Nd -n-N. gd kBT 
(2-10) 
In this equation we have assumed that p -- 0 and that all the acceptors are ionised by 
the donor electrons, i. e. N. = N, . 
2.3.2 Maxwell-Boltzmann Statistics 
When the Fermi energy level is a few kBT (-3 or more) below the CB or above the 
VB the Fermi-Dirac distribution can be approximated by the Maxwell-Boltzmann 
distribution. This situation arises in non-degenerate materials. In this case the 
probability distribution is given by: 
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f(E)= exp 
k 
Tf 
(2-11) 
s 
Then eqs. (2-6) can be simplified to 
n= Ncexp 
Ek T°=N. 
exp(rI) (2-12 a) 
s 
and 
p= Nexp 
Ek 
B'T 
f= Nexp(rl') (2-12 b) 
By substituting exp(rI) from this equation in eq. (2-10), for n-type material, it can be 
simplified to 
n(n+Ne) 
= 
N. -DEa 
Nd -n-N, gd 
exp kBT 
(2-13 a) 
This equation is independent of Ef and was used in the fitting process, which will be 
described in chapter 5. 
For a p-type material it appear as: 
p(p+Nd) N AE, 
-exp N, -p-Nd g, kBT 
(2-13 b) 
This equation has been used for the fitting process of our p-GaN sample in chapter 6. 
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2.4 Activation Energy 
Many semiconductor devices require n and p-type layers where the conductivity is 
well controlled. This conductivity depends on the type, density and activation energy 
of the impurities incorporated. In the following we describe briefly the simple 
models that predict the activation energy for lightly doped materials and how this 
energy is reduced as the doping density increases. 
2.4.1 Lightly Doped Materials 
For a `lightly doped' semiconductor, for example, with an n-type impurity where 
each one can donate one electron, the interaction between this electron and the donor 
atom can be represented by a Coulombic potential. The binding energy of this 
electron can be simply found by analogy to the hydrogen atom. The free electron 
mass is replaced by the electron effective mass and the dielectric constant of the 
vacuum is replaced with that of the semiconductor, E,. These corrections represent 
the interaction of the carrier with the host lattice and the screening effect of the static 
charges, respectively. Therefore, 
24" Zem 1 
DEao, n= 2(4; woE, )2h2 n2 
or simply 
3)2(M* 
Z 
DEdo, n=13. ne m 0 
eV (2-14) 
In this equation Z accounts for the possibility of a multiply charged impurity and n 
has all positive integer values representing the various states of the dopant atom. 
By analogy to the orbital radii of the electron in hydrogen atom one can also attribute 
a series of Bohr radii to the donated electron given by: 
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rB =0.53ný° 
m, A (2-15) 
Here we consider the semiconductor to be `lightly doped' where rB is much less than 
the average distance between impurities. 
2.4.2 Moderate and Heavily Doped Materials 
The above expressions are valid for shallow donors when the doping concentration is 
low. As the doping density increases, the increased free electron population and 
ionised impurity centres screen the spherical Coulombic potential cp - e/47tsossr. This 
can be modelled by adding a multiplicative factor exp(-r/XD), where r is the distance 
between the ion and the charge carrier and %D, the Debye screening length, is given 
by 
XD = 
(EOE, 
kBT/e2neff 
) W2 
(2-16) 
where neff, the effective electron concentration, is defined as 
neff =n+ 
(n+N. XNd Na --n) (2-17) 
Nd 
A common empirical relationship used to describe donor screening is 
DEd = OEdo - aNäs (2-18) 
Meyer et a1.67 have suggested the a (2.1±0.2)x 10'5 meV. cm for n-type GaN. 
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2.5 Material Parameters 
Table 2.2: Parameters of wurtzite n-type GaN used to calculate the transport 
properties. 
Values used 
Parameter Symbol (units) Literature data in our 
calculations 
Lattice parameters a [A] 3.160... 3.190 
c [A] 5.125 ... 5.19068 
Electron effective 0.19 , 0.2 , 0.22 / 
mass at r-point: 0.218710.2272.73 
Hole effective mass mh /mo 1.6 53,0.872 , 0.6 
74 1.6 
Nearest upper valley 0.7 
(between the L and M 
points 55) 
Dielectric constant: 
Low frequency CS 9.87 71 8.976 9.570 9.87 , , 
10.477 10.073 , 
High frequency C 5.35 55,70,5.5 73, 5.80 
5.8071 
Acoustic-deformation EAc [eV] 73 711.79 8.3 , 8.4 , 9.2 , 12 
potential 10.155,12 70,76 
Longitudinal optical 0 [K] i044 ,, 1057 73 1044 
Phonon Temperature 106755,70 115072 , 
Average longitudinal 
C1 [x 1012 dyne/cm2] 
2.65 2.65 
elastic constant 
Average transverse [x1011 dyne/cm2] C 
4.42 4.42 
elastic constant t 
Piezoelectric constant (h14) (3/C1+ 4/C? 18.3 , 18.32 18.3 
[x 103 V2/dyne] 
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To calculate the different mobility components in a semiconductor appropriate 
material parameters must be known. Unfortunately, in GaN, many of these 
parameters are not well known and a range of values have been reported. Table 2.2 
summarises some of the important ones for the analysis of the transport properties of 
this material. An uncertainty in these values means that there is an increase 
uncertainty in the values, such as the compensation ratio, found from an analysis of 
the transport data. This quantity is important when we are trying to evaluate the 
concentration of ionised impurities and dislocation densities that are involved in the 
scattering of carriers. In the last column of Table 2.2 we have shown the material 
parameters that are used for the analysis of our high quality materials, described in 
chapters 5 to 7. These are chosen on the basis that they are the most commonly used 
by other researchers and hence allow a more direct comparison with their results. 
2.6 The Ternary Alloy, In1Gal_1N 
Semiconductor alloys are very important both scientifically and technologically. By 
the mixture of two (or more) semiconductors it is often possible to design the 
material properties based on the components involved and the range of compositions 
available. InGaN is an important material in optical devices, such as LEDs and 
lasers, to emit light in the violet and blue wavelength range. Osamura et a1.80 
reported the first InGaN alloys. They measured optically the direct band gap across 
the entire compositional range and found a smooth variation with some bowing. 
They have shown that Eg in the ternary alloy In,, Gal. XN, depends on the molar 
fraction, x, according to Vegard's law as 
E. (x) = xE g 
(InN)+ (1- x)Eg (GaN) - bx(1- x) (2-19) 
when Eg(InN) = 1.95 eV, Eg(GaN) = 3.4 eV, at room temperature, and b=1.0 eV. 
Although these values are confirmed by the optical measurements of Nakamura et 
al. 81 there is still some disagreement about the value of the bowing parameter, b. The 
results of Amano82 are fitted by a bowing value of 3.2 eV. The difference between 
these values may be due to complicated factors such as strain non-uniformity and 
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piezoelectric effects in InGaN/GaN epilayers. It is notable that there is 11% 
mismatch between the lattice constants of InN and GaN. 
Since InN is unstable and evaporates at typical GaN deposition temperatures a major 
challenge in growing high quality InN containing alloys involves finding a 
compromise in the growth temperature. Yoshimoto et al. 83 first obtained InGaN 
layers of sufficient quality at 800°C with an InN mole fraction of -23%. Recently 
Nakamura et al. 84 have grown InGaN films with In mole fractions from 0.07 to 0.33 
at temperatures between 720°C and 850°C by changing the flow rate of the 
components involved. 
The material parameters of In. Gai_XN are a function of the composition. Morkoc 19 
has compiled data for some material parameters and these are given in Table 2.3. 
The relations given by Morkoc show that the material parameters are within 10-15% 
of those for GaN for In compositions up to -30%. This is in the same range as the 
uncertainty in the GaN parameters themselves, as seen in Table 2.2. Thus, for the 
transport analysis of our alloy sample we used the same values as those given in 
Table 2.2. The only exceptions were the band gap and the electron effective mass. 
Table 2.3: The compiled parameters for InN and In,, Gal_XN 19. 
Parameter Symbol (units) InN In1Gal_IN 
Lattice parameters a [A] 3.548 
c [A] 5.760 
Electron effective 
nz/mo 0.115 0.22-0.105x 
Mass at t-point 
Acoustic deformation 
EAC [eV] 7.1 9.2-2.1x 
potential 
Dielectric constant: 
Low frequency ES 15.3 10.4+4.9x 
High frequency c 8.4 5.47+2.93x 
oo 
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Chapter 3 Low Field Carrier Transport Theory 
The transport properties of a semiconductor are related to the response of the carriers 
to an internal or external force. Such studies provide important information such as 
the donor and acceptor concentrations, their activation energies and the dominant 
scattering mechanisms experienced by free carrier. To find this information 
experimentally we have undertaken Hall effect and resistivity studies. 
Conduction in most semiconductors is generally dominated by free carriers, either in 
the conduction band or the valence band. However, in GaN there is some evidence 
that a second parallel path may also be important. This second path could be 
associated with a thin degenerate interfacial layer or with impurity band (IB) 
transport in bulk material. 
This chapter is divided into four main parts. In the first section I review briefly one 
carrier transport, distinguish between the Hall and drift mobility, and outline the 
important scattering mechanisms. In section 3.2 I review some of the methods of 
calculation available and give analytical expressions for the mobility limited by 
individual scattering mechanisms. In section 3.3 I describe two-carrier transport and 
highlight the differences between parallel conduction and impurity band conduction. 
Finally in section 3.4 1 review briefly the effects of pressure on electron transport in 
GaN. 
3.1 Free Carrier Transport Theory 
3.1.1 Drift and Hall Mobilities 
According to the Bloch theorem a free electron in a perfectly periodic potential is not 
scattered and therefore undergoes frictionless motion through the crystal. 
Accordingly in such a zero resistivity (or infinite conductivity) medium it is expected 
that, in an external electric field, the momentum of a free electron increases 
continuously. In reality there are various intrinsic and extrinsic imperfections in the 
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crystal that scatter free carriers and act as collision centres. The overall effect of the 
gain and loss of momentum leads to a net, average drift velocity, Vd, and therefore to 
a net current density, J, through the material. 
By applying an electric field in, for example, the x direction to an n-type 
semiconductor with nc free electron/cm3 a current density JX given by 
(3-1) Jx = n, gvdx 
is expected. In this equation q (_ -e) is the electronic charge. A similar expression 
can be used for holes in p-type materials by substituting p with n, and q= +e. 
Provided E. is small, the drift velocity is proportional to E, r, with a proportionality 
constant called the drift mobility, µ, 
vdx = µcEx (3-2) 
Accordingly the drift mobility can be defined as the average drift velocity of the 
carriers in a unit electric field. A combination of these two equations gives: 
ix = ßEx (3-3) 
where a, the conductivity of the material is inversely related to the resistivity, p, 
given by 
1 
a=-=qncµc 
p 
(3-4) 
It should be noted that, in general, a is a tensor. However, for parabolic bands of 
spherical symmetry it can be simplified to a scalar quantity. For GaN we have 
neglected the effect of non-parabolicity because of its large band gap with a 
correspondingly weak interaction between the conduction band and valence band 
states. 
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The carrier concentration, n,, and drift mobility, µ,, cannot be found directly from 
resistivity measurements alone. However, the Hall effect can be used to find the 
majority carrier concentration while a combination of these results can lead to a 
measure of the carrier mobility. A brief discussion of the Hall effect is as follows. In 
this technique a magnetic field, B,,, is applied normal to the current flow, J. The 
Lorentz force (F=gvdxB) causes an accumulation of carriers on one side which give 
rise to a lateral electric field, Ey, called the Hall field. A standard analysis shows 
that 
= 
Bzjx (Tm2) 
Ey 
qnc (Tm)2 
(3-5) 
where Tm is the total momentum relaxation time and <-r,,, > is averaged over the 
energy spectrum of the free carriers. These quantities are described in section 3.2.2. 
By considering the Hall coefficient, RH, defined as 
Ey 1 ýtiý2) RH= _ jxBz Qno (Tm)2 
and the conductivity, given by eq. (3-4), one can define the Hall mobility as 
2 
1'H=RH(; = µc 
(Tm ) 
(T )2 m 
This quantity differs from the conductivity mobility µ, by a factor 
rH = "Tm2ý 
(Tm >2 
called the Hall factor. Eqs. (3-6) and (3-7) can be simplified to 
(3-6) 
(3-7) 
(3-8) 
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RH= rH 
qn, 
and 
N'H = rHµc 
(3-9) 
(3-10) 
respectively. As described in chapter 4, RH and p are the two main quantities derived 
from the Hall effect and resistivity measurements. The Hall carrier density nH 
(=nJru=1/qRH), and Hall mobility µH (eq. 3.7) are deduced from these quantities. 
In order to describe the measured data one needs a physical model to predict the 
variation of n,, µc and rH with, for example, temperature. The temperature 
dependency of nc was described in chapter 2. Now we need a formalism to explain 
the drift mobility and Hall scattering factor as a function of T. 
The drift mobility at any temperature is controlled by the average momentum 
relaxation time, «m(x, T)>, and is given by 
µý(T)_ 
eCT"'(X, T)> 
m 
(3-11) 
In order to find this average value and also rH, as defined in eq. (3-8), we need to use 
(i) the various momentum relaxation times, r1(x, T), involving in the scattering of the 
carriers and (ii) an appropriate distribution function, RE, T), for the electrons among 
available energy states, E. These issues are discussed below. 
3.1.2 Scattering Mechanisms 
Free carriers are scattered from various imperfections in the crystal. By 
imperfections we mean any deviation from a perfect periodic potential. They can be 
divided into two main groups; intrinsic and extrinsic mechanisms. The main intrinsic 
scattering mechanism is associated with atomic vibration due to the thermal agitation 
of atoms within the crystal. The extrinsic -mechanisms can be attributed to 
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dislocations and impurities. Any free carrier that feels a deviation in the background 
periodic potential may scatter from its initial state, k, with a group velocity vg to 
another state, k', with a different velocity v'8. It should be noted that such a 
transition, from k to k', is possible provided that the final state is available and 
unoccupied. The density of available unoccupied states depends on the density of 
states at a particular energy, E, and the distribution of carriers. The frequency of a 
transition depends on the particular imperfection in the crystal. The inverse of the 
relaxation time is representative of this quantity. Considering the crystal momentum, 
defined as h k, this means that such scattering from imperfections will change the 
momentum and energy of a free carrier, while obeying the conservation rules. These 
interactions can be either elastic or inelastic, depending on the change of the free 
electron (or hole) energy in the process 
In the following we have discussed briefly the most important scattering processes 
for transport in GaN and give their corresponding relaxation times. All the material 
parameters involved in the relaxation times have been introduced in Table 2.2. 
3.1.2.1 Intrinsic Scattering Mechanisms 
In a perfect periodic structure it is assumed that all the atoms are fixed at their 
regular lattice sites. Due to thermal energy all the atoms have random oscillations 
around their equilibrium positions. The interaction between these vibrations and 
electrons can be described by particles called phonons (the quanta of lattice 
vibrational energy). Depending on the phase relation between the motion of atoms in 
the unit cell they can be categorised as either acoustic or polar phonons. Among 
these, as described in the following, the longitudinal acoustic (AC), piezoelectric 
(pe) and longitudinal optical (LO) phonons are the most effective ones. 
3.1.2.1.1 Acoustic Phonons 
The acoustic phonons in a crystal can scatter carriers by two different and 
independent processes; the longitudinal deformation potential and piezoelectric 
scattering. 
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a) Longitudinal deformation potential scattering 
The long-wavelength acoustic vibrations, corresponding to longitudinal movement 
of atoms, introduce some expansion and/or contraction of the unit cell. Considering a 
tight-binding model, these vibrations can modulate the conduction and valance bands 
in space and time. This modulation disturbs the periodicity of the crystal potential 
and leads to a deformation scattering potential, EAC. Bardeen and Shockley85 first 
calculated the momentum relaxation time for this scattering mechanism to be, 
T x, T 
2.40 x 10'20 C, mo 
3ý2 
_, /2 
ac 
)E2 
T'/2 m. AC 
where x, as given by eq. (2-8a), is the electron kinetic energy in units of kBT. 
b) Piezoelectric scattering 
(3-12) 
In most compound semiconductors with two different electronegative atoms per unit 
cell, the acoustic vibrations produce an internal electric field (piezoelectric effect) 
varying in time and space. The scattering due to this internal perturbing electric field 
can bedescribed, when free carrier screening is neglected, by 
= 
9.54x 10-$ mo a2 u2 Tpz(ýT) h; (3/C, +4/Ct)Tu2 m' 
x (3-13) 
This momentum relaxation time was first formulated by Meijer and Polder86. 
3.1.2.1.2 Optical Phonons 
The longitudinal optical (LO) phonons also scatter carriers by two independent 
processes; the deformation potential and polar mode scattering. These two 
mechanisms are similar to acoustic phonons except in this case the atoms in the unit 
cell vibrate against each other. Therefore, instead of the gradient of the displacement 
of atoms the relative displacement between them in the unit cell is incorporated in 
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the scattering potential. Since polar mode scattering is more powerful than the 
deformation potential scattering we only consider this mechanism here. 
Polar optical mode scattering is the dominant scattering mechanism in ionic 
semiconductors at high temperatures. This process is due to the electric field caused 
by the polarisation of ions and, due to its high frequency vibrations, C LO, the 
corresponding phonons are very energetic. In GaN the LO phonon energy is -4 
times the thermal energy of electrons at room temperature. Consequently LO phonon 
scattering is inelastic. In spite of this fact Ehrenreich87 has developed a relaxation 
time given, when free carrier screening is neglected, by, 
tipoP(X, i) = 
9.61x10-"E, e[exp(9/T)-11 mo 
1/2 
r 
Is. - e, o 
ý1/2 (e/T)r m, x (3-14) 
where 0 (_ h (oLo/kB) is the longitudinal optical phonon temperature and r varies with 
0/T as given by H. Ehrenreich88. For simplicity we have considered r=0.4 as an 
average value for T>100K. 
3.1.2.2 Extrinsic scattering mechanisms 
3.1.2.2.1 Ionised impurity scattering 
This is usually the dominant scattering mechanism at low temperatures where the 
density of phonons is small. Due to the reduction of the average thermal energy of 
the carriers (-kBT) the Coulomb interaction of free carriers with ionised impurities 
becomes more effective. This can lead to a larger change in the carrier momentum 
through randomising the angle of the electrons' motion. This interaction may be 
considered as an elastic collision provided the scattering centre can be assumed to be 
fixed. 
Conwell and Weisskopf 9 gave the initial formulation of scattering from ionised 
impurities. Their model is based on the Coulomb interaction. Dingle90 improved this 
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model by considering the screening effect of the free carriers. According to him the 
Coulombic potential decreases exponentially with a characteristic parameter called 
the Debye screening length, AD, introduced in section 2.4.2. The approach of Brook- 
Herring91 also included screening by the neighbouring randomly distributed impurity 
ions. This is incorporated by considering the effective electron concentrating, neff, 
defined by eq. (2-17). According to this theory 
0.414E; T3/2 m' 
1/2 
3ý2 
T(x, T)= Z2N, (cm-3)g(n$, T, x) m0 x 
(3-15) 
where N1 (=Nä +N; ) is the total ionised impurity concentration and g(neff, T, x) is 
the screening term given by: 
g(n. fr, T, x)=ln(1+b)-1 
bb (3-16) 
where 
" 
b=4.31x10's s'T 
zmx 
(3-17) 
n. ff mo 
When only the screening by free carriers is considered, n instead of neff is used for 
calculating the screening term. The Brooks-Herring formulation of ionised impurity 
scattering is valid for non-degenerate semiconductors and also when b»1. 
Therefore, its validity holds for any carrier concentration at very high temperatures, 
or for sufficiently low carrier concentration at low temperatures. 
3.1.2.2.2 Neutral Impurity Scattering 
Neutral impurity centres also give rise to a deviation in the periodic potential of the 
host atoms and therefore act as scattering centres for free carriers. The origin of this 
is associated with momentum transfer between the free electron and a bound electron 
neff lmo 
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on the neutral atom. C. Erginsoy92 has predicted an energy independent momentum 
scattering time of 
e2 m. z TN = 
MLNnt238oEs 
where N is the density of neutral impurities. 
3.1.2.2.3 Dislocation scattering 
(3-18) 
Due to the lattice mismatch between the substrate and epilayer and their different 
thermal expansion coefficients, most GaN layers contain a high density of 
dislocations. The usual model is that an edge dislocation introduces some dangling 
bonds along the dislocation line. These centres can accept electrons from 
neighbouring atoms surrounding the dislocation. In this picture each dislocation line 
with negative charge will be neutralised by a cylindrical space charge. This effect is 
also thought to produce some deep acceptor-like levels in the band gap, which act as 
compensating centres in the material. 
In essence the nature of dislocation scattering should therefore be similar to that of 
ionised impurities. Pödör93 has used a screened potential and calculated a scattering 
time based on the relaxation time approximation in germanium. According to that 
theory, the dislocation scattering limited mobility is 
30(2;, r)u2 E; sö a2 (k BT)3/2 µas (T) _ 
Ndise3f2x Dm"U2 
(3-19) 
where a is the distance between the acceptor centres along the dislocation line (-5 A 
in GaN), f the occupation rate of these acceptor sites (we assume a value of unity), 
and XD the Debye screening length, eq. (2-16). 
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In addition to this model another model has been given by Alkan et al. 94. Tests show 
that both models give the same temperature dependence below 100 K and a similar 
temperature dependent above 100 K, with the absolute values differing by a factor of 
about 5. This difference is probably not important for the samples discussed in this 
thesis as the dislocation density has a similar uncertainty. 
3.1.2.2.4 Alloy scattering 
Alloy scattering is an additional mechanism to those described above that should be 
considered in ternary and quaternary semiconductors. This effect originates from the 
possible random local fluctuations in alloy composition that leads to a deformation 
potential-like scattering, AU' (= y(1- y)E2 ). The corresponding mobility as 
derived by Look95 is 
23/2 ýU2 eh4 µý (T) -3 VcY(1- Yýnaýý5/2(k13 1/2 
(3-20) 
In this expression Ea, B may be taken as the difference in band gaps between two 
compounds A and B, (=Eg, A-Eg, B), y is the fraction of compound A and Vc the 
volume of the primitive cell, as given in the footnote of Table 3.1 for GaN. 
3.2 Three Methods of Calculating the Drift Mobility 
3.2.1 Iterative Solution of the Boltzmann Equation 
The Fermi-Dirac distribution, as described in chapter 2, is the equilibrium 
distribution for the electrons among the band states in a solid. According to this 
function the average current flow through a material in equilibrium is zero. The 
presence of external electric and magnetic fields changes the distribution of carriers 
in these states. Under steady state conditions, when the energy absorbed by the 
carriers is balanced by the various scattering mechanisms, a new distribution 
function, f(r, k, t), describes the occupation of electrons among the available states 
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in the region of r and k in phase space. The difference between «r, k, t) and the 
Fermi-Dirac distribution leads to a net charge flow. The time evolution of this 
function can be found from the Boltzmann equation: 
where 
öf 
Öt 
coll. 
df=1F. 
Okf+v. vf+ 
of 
dt h at 
arises due to collisions. 
This equation shows that the total rate of change of the distribution function in the 
region of the point r depends on the external force, F, the concentration gradients, 
and scattering events. Considering a homogeneous material under steady state 
conditions it reduces to 
ý )Coll 
=-ýF"okf (3-21 a) 
This equation can be solved in general for both elastic and non-elastic scattering 
processes but only by numerical methods. Given the distribution function f the 
average value for any arbitrary quantity, i. e. (X), can be found from the general 
expression: 
1Xfdx 
(X>=t 
- I fdx 
The ability to calculate this average is required for the solutions that follow. 
3.2.2 Relaxation Time Approximation 
Eq. (3-21 a) can be solved analytically provided the scattering processes are 
effectively elastic and that they have only a randomising effect on the momentum of 
the free carriers. According to this approximation the perturbation effect due to each 
scattering source is not large compared to initial value, fo, and therefore it is 
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reasonable to assume that the rate at which the perturbed distribution f returns to the 
equilibrium distribution fo is proportional to the perturbation (f-fo) so that 
äf 
_- 
(f -fo) 
a coil T. 
(x, T) 
When more than one scattering mechanism is important then, 
1 
_ý 
1 
z. (ý T) ; 
(3-21 b) 
(3-22) 
where tm,; (x, T) is the momentum relaxation time for ith individual process, as 
discussed above. Eq. (3-21 b) has a solution of 
f (t) = fo + [f (t = 0) - fo ]exp(- t/i. (x, T» 
Using this method to find the carriers drift mobility, (3-11), considering the situation 
of spherical constant energy surface, the average relaxation time can be derived, 
using Fermi-Dirac statistics from 66 
00 
2 JTm(x, 
Týý/ý)x3/zdx 
(Tm (» =3 Co yz 1fox dx 
0 
(3-23) 
Under non-degenerate conditions, where the Fermi-Dirac statistics can be 
approximated by Maxwell-Boltzmann statistics, this equation leads to 
3V-7c 
JTm (X, T)X3/2eXp(- X)dX (3.24) 
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3.2.3 Matthiessens's rule 
Another approximate method of calculating the various mobility components is to 
use Matthiessens's rule. This is a simple and convenient technique for evaluating the 
drift mobility, µ, (T). In this method all the scattering mechanisms are considered to 
be independent of each other so that the total average scattering rate is simply the 
sum of the individual average scattering rates at any temperature. Thus, 
1 
_ý (Tm (T)> 
. 
1 
m, i 
(T)) (3-25) 
where, for example, in non-degenerate conditions (c (T)) can be written as: 
4 °° 
CTm, i (T)) = 3ý J T., (x, T)x'/Zexp(- x)dx (3-26) 0 
Using the drift mobility defined by eq. (3-1 1), this rule reduces to 
ii 
µýý (T) ; µ; (T) 
(3-27) 
This approximation is more reliable when the carriers are distributed over a small 
energy range. Despite the fact that this method is less accurate than the other 
approaches mentioned, it is useful to find the approximate behaviour of various 
scattering processes in different temperature ranges. 
3.2.4 Analytical expressions for Drift Mobility 
In the two previous sections we described the various scattering mechanisms and the 
averaging processes used to obtain the relaxation times. Now applying eq. (3-24) for 
each scattering process and using eq. (3-11) the corresponding drift mobilities can be 
found. The results are summarised in Table 3.1. 
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Table 3.1: A summery of the drift mobilities for various scattering mechanisms 
assuming Maxwell-Boltzmann statistics. 
Mobility µLi ff) (Eq. ) 
Acoustic phonons: 
_ 
2(2n) , /2Ps2h4e 
µ (T) Deformation ß 3E2 (m' )5/2(kBT)3/2 (3-25)96 
potential 
Piezoelectric 
1627c 
_( 
)1/2 P2ze 
PZ 
(T) 
2z (3-29)96 m' 
Y 
k TIUz 3 eh 
( 
pz/ 
)( (8) 
Polar optical 
1/2 2 3/2 (T) (e 
M) µp. (T) = 0.199 300 e' m' 
(1 
(3-30)97 
mode(') (i023V. Xio-13o eh0 8r -1»(h(q/kBT) 
128(2n)1/2 r (kaT)'/2 b ln(1 + b)- µ° (T) Ionised impurity 1+b e3 (m' Y/2 (n + 2N) (3-31)98 
Neutral impurity 
8.16 [xnfl 
µ,; _ TN. 
m s0 (3-32)92 
Dislocation 22 30(27c)1/2 cc a2 (kBT)3/2 
dis (T) _ scattering Nd;, e3f 2%D(m*)'/z (3-19)93 
Alloy scattering" 
I 
23/2 n1/z eha 
µd (T) =2 "5/2 u2 3 Vc y(1- y)E AB 
(k 
BT) 
95 (3-20) 
All quantities in the above expressions are in M. K. S units and defined in the text. 
Their corresponding values are given in Table 2.1. 
(i) In this expression e' = MVýw2c0 (1/e , -1/E, 
) is called the Callen effective 
ionic charge, G(hw/kBT) is a slowly varying function of order unity; we have taken 
it as constant and equal to 0.5. M is the reduced ion mass (1.936x10'26 kg in GaN). VC 
[= ývr3- )= 2.283 x 10-Z' m3] is the volume for a Ga and N ion pair. 
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3.3 Two-carrier Transport Theory 
In the above discussion we have considered a range of models describing the 
transport properties of the free carriers in the conduction band. For cases where more 
than one type of carrier is present this model must be modified. As mentioned in 
chapter 1 there is a suspicion of the existence of an additional conduction path in 
either shallow impurity states or at the interface between the GaN epilayer and 
sapphire substrate. Therefore, we describe here the appropriate extension of the one 
carrier model to the case when two types of carrier are present and then distinguish 
between the "two-layer model" and "two-band model" in more detail. This is 
important in describing the transport data in our samples. 
3.3.1 Two-Carrier Transport Analysis 
One carrier transport can be extended to a "two-carrier" model using95: 
Q' = 1: ß; = nieµ, +nieµz = nH, eµHl +nHZeµH2 (3-28) i 
and 
RH ' 
(a! 
l - 2: eµ2ný (3-29) 
where 1 and 2 stands for bulk and interfacial layers or bulk CB and IB, respectively. 
The superscript s denotes sheet values rather than volume values. As noted in chapter 
4, a simple resistivity and Hall measurement gives only sheet values. In the above 
equation we have assumed 
s 
ný; = 
n' 
, rH 
µm = Rý; ß; (3-30) 
where rH is the Hall scattering factor for the free carriers. 
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The true bulk conductivity and electron density can be found using 
ss 
a; n; 
a; =-, n; =- d; d; 
where d; refers to the corresponding thickness of the layer. Using 
µH=RHa', nH _i -eR'Hd 
(3-31) 
(3-32) 
the measured Hall carrier density, nH, and Hall mobility, µH, can be found from: 
__ 
d, (nciµc, +n2µ2 d2/d, )2 
nH d n,, µý, +n2µi d2/d, 
and 
nolli z 
cl + nzµ 
2z d2 /d, 
µx = 
no, µo, +n2N'2 d2/d, 
(3-33) 
(3-34) 
where d is the total thickness of epilayer. It should be noted that in the two-layer 
model the thickness of the conducting layer is the sum of layers' thickness (d=di+d2) 
whereas in two-band model d=d1=d2, as shown in Fig. 3.1. In the following we 
describe how these two possible situations can arise. 
(a) 
Conducting thickness is 
d =dl+d2 
Layer I d, 
Layer 2 d2 
Substrate 
(b) 
Layer 1 Conducting thickness is 
d=d, =d2 
Substrate 
Fig. 3.1 A schematic diagram of (a) two-layer conducting system and (b) one layer 
with two conducting bands, i. e. CB and IB. 
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3.3.2 Parallel or Interfacial Layer Conduction 
The introduction of an additional parallel-conducting layer may occur intentionally 
or otherwise during the growth process. The former condition may occur when we 
are intend to study the transport properties of an one layer provided the properties of 
the second layer is known. This stack layer structure is usually common when 
studying alloy materials. We have used this for the study of InGaN. The parallel 
layer may also occur unintentionally at the interface of the layer and the substrate. At 
the two extremes this layer can be either highly degenerate with a metallic-like 
conductivity (with a temperature independent carrier density and mobility) or highly 
compensated with semi-insulating characteristic and therefore negligible 
conductivity. Look99 has considered a very thin (-2000-3000 A) degenerate layer to 
explain the transport data of an unintentionally doped GaN sample grown by HYPE. 
We have found evidence indicating that the presence of impurity states dominates 
the conduction at low temperatures. This phenomenon is not only seen in GaN layers 
but is common in other semiconductors with relatively high impurity concentrations. 
Some theoretical description of this conduction is given in the following section. 
3.3.3 Impurity Band Conduction 
In addition to conduction in the CB another contribution may also occur through 
defect/impurity centres. A possible explanation for this effect is that in materials 
with relatively high impurity content a finite overlap between the electron 
wavefunctions of neighbouring impurity atoms, especially for shallow levels, is 
expected. This correlation can result in the spreading of impurity energy states and 
therefore formation of an additional band; i. e. an IB is formed in the band gap. 
Provided some of these sites are empty, either due to thermal excitation or as a result 
of compensation, movement of carriers from occupied to unoccupied states is 
possible. A number of models have been proposed for impurity band conduction 100,101 " 
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The charge transport through these sites may be either by tunnelling or by a hopping 
process as indicated schematically in Fig. 3.2. Because of the localised nature of the 
electron wavefunctions of defect centres a smaller mobility for these electrons is 
expected than for the free conduction band electrons. Therefore IB conduction only 
competes with the CB when either the conduction band mobility is low or when the 
proportion of carriers in the IB relative to the CB is high. This situation is most 
probable at lower temperature when the free carriers freeze out onto the impurity 
Eext. 
!" 
ý_ Z -AL- -AL- 
-- 6 C. B. 
ý-ý"ý1. 
B. 
-dL- _Compensating Centres 
V. B. 
Fig. 3.2 A schematic diagram for the impurity band conduction in addition to 
conduction band. 
centres. The presence of this additional transport mechanism can affect both the I Tall 
carrier density and mobility. I discuss the evidence for this transport mechanism in 
the samples studied here in chapter 5. 
IB conduction depends mainly on how much correlation there is between impurities. 
One quantitative measure of the extent to which impurities or the carriers they 
denote can `see' each other is given by comparing the average separation of 
impurities and the Bohr radius, rB (eq. 2-15). Considering an n-type semiconductor 
with a random distribution of donors with a concentration Nd one can assume an 
average separation R [=(3/47tNd)113 ] between neighbouring atoms. In a material with 
R/ra»l the overlap of the localised electron wavefunctions is small and the impurity 
states can be considered to be isolated. If the defect/impurity concentration is high 
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enough, R/re >_ I, a finite electron overlap between neighbouring centres is 
expected. 
For the shallow impurities the nearest neighbour phonon-assisted hopping process, 
suggested by Mott'°°, is a possible model that can successfully describe IB 
conduction. According to this model charge transport in the IB at low temperatures 
can only occur if shallow donor sites are compensated to some extent. Then the 
carriers in occupied states can absorb/emit phonons, of energy -ej and hop to a 
neighbouring unoccupied site. This activation energy is representative of the most 
probable energy difference between the nearest neighbour states. Shklovskii and 
Efros101 have modelled the conductivity within the IB of a semiconductor material 
by: 
ad = pdl = polexp(-E3/kßT) (3-35) 
where po is the intercept of the low temperature resistivity when T"1=0, and is given 
by 
Po = Po3eXP 
a 
1/3 
(3-36) 
Ndre 
In this expression poi is a function of impurity density, which is not, as yet, well 
known, and a=1.7 related to the percolation radius. Although this parameter can be 
temperature independent but it may change with pressure. This is discussed in 
chapter 6. As is clear from eq. (3-36) po is exponentially dependent on the 
wavefunction overlap (R/rB oc I/Nd1/3rB) of the neighbouring sites. Thus, in a material 
with a small R/r8 the overlap is big and p0 decreases exponentially. 
At low temperatures where the carrier density, nd (--Nd-N8), involved in the 
conduction process is constant, a similar temperature dependence of the IB mobility 
is expected: 
I'd = µoexp(- E3 /kBT) (3-38) 
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where µo is given by 
µo - 
1 -a exp 
naepo3 NaU3rß 
(3-39) 
In a degenerate material with M B24 the overlap between the neighbouring 
impurities and also the available density of states close to the Fermi energy, g(Ef), 
increases. These effects can lead to a broadened IB and smaller E3. Mott 102 has 
predicted that at a critical concentration of 
NQ - 
0.25 
3 
or 
R=2.5 
re re re rs ) 
(3-40) 
E3 tends to zero This effect gives rise to `metallic' conduction. At this high donor 
concentration the corresponding electrons can produce sufficient screening of the 
coulomb potential to allow the electrons to remain unbound. At a higher 
concentration of Nth 5N (or R/rBO. 5), the donor band merges with the 
conduction band 102 
3.4 GaN Transport Properties at High Pressures 
Although hydrostatic pressure does not change the crystal symmetry, it can change 
the band structure of the semiconductor by increasing its direct band gap as well as 
the electron effective mass, as described in section 2.2.4. The variation of these 
quantities has an impact on the optical and electrical properties of the material. Our 
previous discussions have shown that the effective mass makes an important 
contribution in determining the transport properties of both the free carriers and the 
carriers in the IB. 
To the author's knowledge there is no theoretical model describing the effect of 
pressure on a degenerate interfacial layer (IL) containing a high density of 
dislocations. Zawadzki et al. 103, have studied the ionised impurity limited mobility in 
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degenerately doped bulk layers. This model may be useful at low temperatures when 
ionised impurity scattering becomes the dominant mechanism controlling the 
mobility of carriers in the interfacial layer. This model predicts that the mobility of 
carriers has an effective mass dependency proportional to 
(m * )_2 -it is notable that in 
moderately doped samples the Brooks-Herring approach gives a dependency of 
(m") `'Z 
. Considering a general relation of 
const. 
IL /m* is (3-41) 
where s can be either 0.5 or 2, as given by the above models, then the pressure 
coefficient of the mobility can be found from: 
I dµ, L _1 
dµ, L dm' 1 dm' 
ý1, L dP µ, L dm' dP 
- -s m' dP 
Assuming a pressure coefficient variation for effective mass of - 0.1% (kbar)"I, see 
Chapter 5, this analysis predicts that the pressure coefficient of the electron mobility 
in the interfacial layer varies between -0.05 to -0.2% per kbar. 
For conduction within an IB, eqs. (3-38) and (3-39) predict that the mobility of the 
carriers depends on the overlap of the electron wavefunctions of neighbouring 
impurities. At a constant temperature and assuming that Nd, nd, poi, E, and a are 
independent of pressure it is found that the pressure dependence of the impuirty band 
mobility is given by 
I dµtB 
--a_ 
m' 1 dm' 
µý dP Nd' 0.53x10-10 s, /Z m, m' dP 
(3-42) 
It is interesting to note that the impurity band pressure coefficient is inversely 
dependent on the impurity density, Nd. For GaN, using Table 2.2 and pressure 
coefficient of effective mass, this equation can be rewritten as: 
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1 dµ, ß --7.15 
x 108 
x (0.1 %) /kbar (3-43) 
µ, ß 0 Nd 
This simple model predicts that the pressure coefficient of the impurity band 
mobility in a sample with Nd "1 1018 cm-; should be about -0.7 %/ kbar. This is about 
one order of magnitude larger than that predicted for the degenerately doped 
interfacial layer. 
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Chapter 4 Experimental Arrangements and Techniques 
The GaN layers studied here were grown epitaxially on (0001) A1203 substrates using the 
MOCVD growth technique. Transport properties were obtained from resistivity and Hall 
effect measurements using the DC van der Pauw104 technique, at atmospheric pressure 
and hydrostatic pressures up to 8 kbar. Before the measurements could be made we had to 
prepare the sample by making four ohmic contacts at the comers of the square sample. In 
section 4.1 I describe the sample preparation and processing details. In section 4.2,1 
describe the experimental arrangement for the resistivity and Hall coefficient 
measurements. The details of the cryostat and temperature control system used for 
variable temperature measurements are described in section 4.3 while in section 4.4 1 
describe the high pressure cell used for transport measurements at a range of 
temperatures. Finally in sections 4.5 and 4.6 I describe the optical techniques used to 
determine the thickness of epitaxial layers and the electroluminescent properties of light 
emitting diodes, respectively. 
4.1 Sample Preparation 
4.1.1 Clover Leaf Preparation by Sand Blasting 
In Hall effect and resistivity measurements the symmetry and uniformity of the sample 
are important aspects which can limit the accuracy of the data and make its interpretation 
more difficult. To reduce the effects of asymmetry we have used a van der Pauw shape 
sample shown in Fig. 4.1. Suitable Hall samples, typically - 5x5 mm, were cut using a 
diamond saw. Each sample was then fixed on a glass slide with shellac wax and a 
metallic clover leaf shaped mask was fixed on top of the sample again with shellac wax. 
Sand blasting apparatus, which consists of a fast flow of tiny A1203 particles, was used to 
remove the GaN layer from the substrate except for the area underneath the mask. The 
surface of the sample was then cleaned by immersing it in the boiling trichlorethylene, 
acetone and methanol. Each solvent was used for 10 minutes. The cleaning process 
continued by washing the sample with the distilled droplets of isopropyl alcohol (IPA). 
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(a) R (b) 
Fig. 4.1: Sample geometry used in the Hall effect experiment for: (a) an arbitrary 
shape thin film sample. B denotes the magnetic field applied 
perpendicular to the sample surface. (b) a simple clover leaf shape 
sample. 
4.1.2 Contact fabrication 
In this section we describe the procedures we have used for making ohmic contacts to the 
n and p-types samples. For n-type samples we used both an alloying and a thermal 
evaporation method. In the alloying procedure indium dots were placed at the comers of 
the clover leaf sample. The sample was heated in a flow of H2/N2 and HCl gas until the 
indium melted. The contacts were alloyed in for 30 minutes. We then used conducting 
epoxy to stick copper wires to the indium dots. The I-V characteristics of the contacts 
were tested using a curve tracer to make sure they were linear. It was also found that 
melting indium on to the sample with a soldering iron also resulted, on some occasions, in 
good ohmic contacts. 
Although these samples were relatively quick to make the melting point of indium limits 
the maximum temperature at which transport measurements can be made to -390K. To 
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avoid this limitation, thermal evaporation was also used. First the sample surface was 
cleaned, as described above, then Al (50nm) and then Au (180nm) metal layers were 
deposited by evaporation. The contacts were annealed at 400°C for 15 minutes in an 
ambient flow of N2. These samples could be measured up to 500K, the maximum 
operating temperature of the cryostat. We found that this contacting procedure did not 
work for all samples. It is possible that an oxide layer on the top of the GaN layer was the 
limitation. We improved our contacts by precleaning the surface in a HF: HCI: H20 (1: 3: 
4 volume ratio) solution for one minute. We also found that Ti (20nm) and Al (100nm) 
evaporated metal contacts, when annealed for 5 minutes at 600°C, also gave good ohmic 
contacts. 
For p-type samples we prepared contacts using the evaporation method. The sample was 
first heated at 700°C for 15 minutes in a rapid thermal annealing furnace consisting of 
eight 1kW halogen-tungsten lamps under flowing nitrogen gas. As mentioned in chapter 
1 this is a crucial step, which is necessary for activate the Mg impurities. During 
annealing, the sample was in thermal contact with a Si wafer and the temperature was 
measured with a calibrated thermocouple attached to the Si wafer. The contacting process 
started with the cleaning procedure described previously. Then Ni (1.5nm) and Au 
(18nm) were evaporated and finally annealing at 450°C for 5 minutes with a 15 second 
ramp time. This process resulted in good ohmic contacts. We also studied p-type samples 
prepared by Thomson CSF and Aixtron. 
4.2 Resistivity and Hall Coefficient Measurements 
Hall effect and resistivity measurements were made using a Keithley 7065 Hall effect 
card in high impedance mode. Measurements were made in the temperature range from 
450-10 K, for n-type samples, and 400-130 Y,,, for p-type samples, in a magnetic field of 
0.3 Tesla. These measurements are based on the van der Pauw technique. This is a 
convenient technique for any arbitrary shape thin film, as shown in Fig. 4.1. The 
technique requires a sample with four contacts on the perimeter of the sample. To 
minimise the effects of the sample geometry we need at least six measurements: four 
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between adjacent comers for resistivity and two across the diagonal to measure the Hall 
voltage. These combinations are shown in Fig. 4.2 105. The average values obtained were 
used to calculate the resistivity, p, and the Hall coefficient, RlH. Additional voltages 
generated due to the unintentional temperature gradients (Ettinshausen, Nernst and Righi- 
Leduc effects and also magneto-resistance effects) can reduced by taking additional 
measurements where the sample current and magnetic field are reversed. 
The resistivity (). cm) of the sample as given by van der Pauw 104 is 
P= 
7rd R na, cn +R BC, DA fR na, cn 
ln2 2R ac, Dn 
(4.1) 
where d is the thickness of layer in cm, and the equivalent resistances given below are 
defined by RAB 
cD= 
(VD-VC) / IA-+B =Vcp / I. Also in this equation f is an asymmetry 
correction factor (<I) and is given by van der Pauw as: 
R-1 
=_f arcosh 
exp[ln (2ý fý 
R+1 1n(2) 2 
where R= RAB, rn/RBC. DA . The Hall coefficient, Rif (cm 
3. C-1), can be determined by 
measuring the change of the resistance 'Bo, AC when a magnetic 
field, B, is applied 
perpendicular to the plane of sample. Theory shows that 
D-, M dARso, nc nH =1V 
B 
(4-2) 
where B is ü Tesla, A BD, AC 
[= R Bn Ac 
(B) 
-R BDAC 
(0)] is in ohm The Hall carrier 
density, nH or pH (cnf3), is given by 
1 
nH or pH = 
qRH 
(4-3) 
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where q is the electric charge of majority carriers. Considering eq. (3-7), the Hall 
mobility, µH (cm2N. s), is given by: 
9 ti = 
RH 
P 
(4-4) 
The above equations in the van der Pauw method are valid provided that the contacts are 
sufficiently small and are placed at the circumference of the sample. The sample should 
also have a uniform thickness and not have any isolated holes. 
Rij, kt =VId /I ij i, j, k, l = A, B, C, D 
N-Voc -M 
(1) 
Dý C 
ý2i DC (5) DýC 
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Fig. 4.2: Four configurations for resistivity and two for Hall effect measurements. 
In order to minimise the measurement errors the current and magnetic 
field should be reversed. 
According to eq. (4-4) we don't need to know the thickness of the film to get an accurate 
value for µH - unlike p and R. However, the sample must be uniform otherwise all the 
results are inaccurate. Therefore, what we measure in these experiments are the resistivity 
and Hall coefficient per unit thickness, called sheet resistivity p`, and sheet Hall 
coefficient RH (or sheet carrier density, nH =1/eRH ). To find the corresponding bulk 
values one need to know the film thickness. To measure this quantity we have used the 
interference fringes observed in reflectivity and spectroscopic ellipsometry (SE) 
I Il 
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measurements. The details of this technique are described briefly in section 4.5. 
4.3 Variable Temperature Measurements 
A standard Oxford instruments dynamic exchange gas, continuous flow cryostat was used 
for Hall effect and resistivity measurements in a temperature range of 10-500 K. Fig. 4.3 
shows a schematic diagram of this system and the other components involved. The 
sample was mounted on a sample arm. This is placed in the inner tube of the cryostat that 
is thermally isolated from the outside by a vacuum jacket. This vacuum, which is created 
by a combined rotary/diffusion pump system, should be less than 10-4 torr. The cooling 
fluid can be either liquid nitrogen or helium, depending on the minimum temperature 
required. The cryogen is sucked from the storage dewar and enters the transfer tube after 
passing through a needle valve. This is important for controlling the flow of He into the 
cryostat at temperatures below -20K where the temperature of the system may oscillate. 
The temperature was measured using a Rhodium-Iron thermocouple with its reference 
junction in liquid nitrogen. The temperature was controlled using an Oxford instruments 
three-term temperature controller. Careful calibration allowed the temperature of the 
sample to be controlled to an accuracy of typically ±0.2K. 
Gas flow 
ýý ý-«ý 
Evacuation valve 
Flexible section Syphon valve nut 
Flow- 
control 
Pump 
y 
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Transfer arm 
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to vacuum 
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r 
Cryostat 
Fig. 4.3: A schematic diagram of the cryostat and other connected apparatus used 
for low temperature and high-pressure resistivity and Hall effect 
measurements. 
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4.4 High Pressure/Low Temperature Cell 
In this section we describe the constituent parts of the high pressure system that was used 
in the Hall effect and resistivity measurements in order to try to distinguish the impurity 
band conduction from that of the GaN/sapphire interfacial layer. The high-pressure 
system can be divided into two main parts: an intensifier and a high-pressure cell in 
which the sample is mounted. These two parts are joined together by a shielded steel 
high-pressure capillary tube. The details of these constituent parts are described in the 
following sections. 
4.4.1 Piston & Cylinder Intensifier 
A piston and cylinder system is used as an intensifier to provide the source of high 
pressure fluid to the main cell where the semiconductor sample is located. It consists of a 
protected cylinder and two pistons. The lower piston is fixed while the upper piston can 
move under the force of a hydraulic pump to compress the enclosed fluid. The system 
used has a safe maximum pressure of 8 kbar, where the material and geometrical size of 
the various parts of high-pressure system determine this limit. Fig. 4.4 shows a more 
detailed view of the apparatus. 
The cylinders are coaxial and made of hot worked die steel. The outer cylinder is included 
for safety to confine any inner cylinder fracture. The inner cylinder stands on three 
spacers and both cylinders are fixed to a die set by steel straps to prevent any movement 
on depressurisation as the thrust piston rises. The two pistons are made from hardened 
steel. The lower piston is designed so that a manganin pressure gauge can be mounted on 
it. There are eight conical holes for eight steel conical plugs, which provide electrical 
access to the gauge. These plugs are electrically insulated from the body of piston by 
vespel seals. The ends of a coil of manganin wire are soldered onto two of these plugs. 
The other end of the plugs are soldered to insulated copper wires and fed through an axial 
hole in the piston. To prevent any damage to the wires the lower piston goes through a 
backing pad with a groove milled in it. 
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The upper piston can travel into the cylinder under a force applied by a hydraulic pump. 
A high pressure capillary tube connects the high pressure reservoir to a T-shaped 
connector. One end of the T-shaped connector goes to a high pressure seal for the 
electrical leads to the sample while the other end goes to the high pressure cell, described 
in section 4.4.3. To prevent any leakage two pairs of seals were used for the upper and 
lower pistons: a rubber O-ring and a tapered nylon or phosphor bronze ring. The rubber 
0-ring is soft and provides a seal up to about 3 kbar. For higher pressures the tapered 
nylon or phosphor bronze ring makes the seal. 
4.4.2 Pressure Gauge and Fluid 
The resistivity of Manganin is sensitive to pressure. This property makes it a useful 
material for measuring high hydrostatic pressures. As the pressure increases the resistance 
of the wire increases exponentially as: 
R(P) = R(Oýxp(V) 
where R(O) and R(P) are the resistance of the Manganin wire at atmospheric pressure and 
at a pressure P, respectively. In this equation 4 is the fractional change in resistance of the 
wire per kbar. For Manganin wire it is equal to 2.3 x10'3 / kbarto6. The pressure gauge was 
mounted on a plastic former (5 mm diameter and 1 cm height). Many turns of Manganin 
wire were wound onto the former so that R(O) ms70 0. 
In high pressure experiments an appropriate pressure transmitting fluid should be chosen 
which depends on the pressure and temperature range over which the experiment is to be 
performed. Ideally it would remain fluid so that either measurements as a function of 
temperature at constant pressure or measurements as a function of pressure at constant 
temperature could be undertaken. For our purpose we have used a mixture of n-pentane: 
iso-pentane mixed in equal volume. With this mixture we were able to do temperature 
measurements at a fixed pressure up to 8 kbar, and measurements as a function of 
pressure at a constant temperature of 300K. These stable pressures were achieved after 
the pressure was set at room temperature and left overnight to stabilise. 
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Fig. 4.4: A schematic diagram of intensifier and its detailed components. 
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However, using only an n-pentane: iso-pentane mixture as the transmitting fluid, there is a 
possibility that the pressure will not remain constant as the temperature is reduced. As the 
temperature is reduced it is possible that the fluid in the capillary will freeze before the 
fluid in pressure cell. This blockage can separate the set pressure in the intensifier from 
that in the pressure cell. Now as we continue to cool the sample because of the change in 
the volume of the separated fluid its pressure will change to an unknown value. This 
uncertainty is mainly due to the lack of direct access for pressure measurements inside the 
pressure cell. To avoid this problem we have used a two-fluid system. It consists of a few 
drops of safflower oil which were added to the sample space before loading the sample. 
The advantage of this viscous oil is that it freezes before the n-Pentane, iso-Pantane 
mixture. Therefore, by using this system we are sure that the safflower oil, that surrounds 
the sample, has frozen with a backpressure of the Pentane fluid that has been set in the 
intensifier already. 
4.4.3 Sample arm (Capillary tube, Stub & Pressure cell) 
Fig. 4.5 shows the second main part of the high-pressure apparatus. It consists of a high- 
pressure cell connected to the T-shaped connector by a capillary tube (-55 cm long). A 
short length of capillary, shown in Fig. 4.5(a), provides the high pressure seal for the 
electrical leads. It consists of two cylindrical holes drilled with diameters of 1.1 and 1.0 
mm in the high-pressure end of the capillary. First a number of very fine (-70 µm 
diameter) insulated copper wires are fed through the stub and a cylindrical nylon seal. 
The nylon seal is pushed in place in the lower hole. Next the high pressure end of the 
capillary is filled with alumina powder and epoxy. The epoxy used consists of a mixture 
of Adradite MY 750, Hardener HY 906 and Accelerator DY 073 with a weight ratio of 
1: 1: 0.01, respectively. It was then cured at 120 °C for 24 hours. The rest of the capillary is 
then filled with the same epoxy to provide mechanical support for the nylon pressure seal 
which works in the normal way because of an unsupported area. 
The pressure cell, shown in Fig. 4.5(b), is a double-walled cylinder made of Cu: Be with 
an inner bore of 5 mm and outer diameter of 19 mm that allows it to fit in the bore of a 
standard Oxford Instruments continuous flow cryostat. The sample is sited on a table, 
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which is screwed to the Harwood type top piston inside the pressure cell. The sample is 
held in place by PTFE tape so that it does not move as the pressure is changed. 
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Leak escape 
path 
Outer cylinder 
Inner cylinder 
Fig. 4.5: (Left) A schematic diagram of the sample arm consisting of the pressure 
cell, T-shape connector and stub. (Right) The details of (a) the stub and 
(b) the pressure cell. 
To prevent any leakage of high pressure fluid all the separate high pressure seals should 
be carefully checked before each experiment. The pressure cell is sealed with an O-ring 
and nylon tapered ring, sited at the back of the sample table. The seal to the capillary is 
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made using a special design consisting of a conical tip for the capillary tube. The tip is 
forced to seal with an angled piece of metal in the cell or T-connector by tightening a 
screw that applies a force to the capillary via a metal collar. 
The electrical access to the sample is via the wires that pass down the high pressure 
capillary. They are fixed to the wires from the sample by silver loaded epoxy. At the other 
end of the high pressure capillary they are soldered to the central connectors of triaxial 
sockets. 
4.5 Characterisation of Epilayer Thickness 
In Hall measurements, the thickness of the epilayer is an important parameter related to 
the Hall coefficient, RH, and resistivity, p. Therefore, it is important to have reliable 
values for this quantity. Often the growth rate is sufficiently well known for this to 
accurately specified by the by the crystal grower. However, for GaN we have found that 
this is not the case. Consequently we have used reflectivity and spectroscopic 
ellipsometery in the visible and near IR spectral range to measure the thickness of GaN 
layer. These methods are based on the interference of light within a thin film. In the 
following we describe why this range of wavelengths is appropriate for our purpose. We 
also describe our model for interference from thin films that allows the thickness to be 
determined when the order of interference is uncertain. The experimental techniques used 
are described briefly and the fitting procedure including both the dispersion relation of 
GaN and sapphire as a function of wavelength, and the best value for the fringes' order, 
in, and its reliability are considered. Finally we describe the application of these 
techniques to the study of GaN layers as a function of wavelength and angle of incidence 
in order to estimate the reliability of the values obtained. 
The propagation of the light through a semiconductor depends on its frequency. If the 
energy of a photon is equal or greater than the band gap it will be strongly absorbed and 
the intensity will be attenuated in the material. Only photons with smaller energies are 
capable of penetrating large distances and being reflected from the buried interfaces 
between media with different refractive indices. In GaN, because of its wide band gap 
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(3.4eV at room temperature which corresponds to the wavelength of 365nm in vacuum) 
all the visible and near IR range have a lower energy than the direct hand gap of GaN. 
Therefore, it is expected that this range is an appropriate spectral range for reflectivity 
measurements for layers with thicknesses between about 0.5 and 3 µm. 
4.5.1 Theoretical Background 
Consider a light ray, with wavelength k, incident on a layer of'thickness d at an angle, 0() , 
relative to the normal, as shown in Fig. 4.6. The refracted angle, 0, can he deduced from 
Snell's law: 
nosin8o =n sinf) 
-- ---------- ____. __. __ -- - -- - -- - Substrate 
Fig. 4.6 A schematic diagram of the reflection from a epilayer/substrate system. 
(4-5) 
where no and n are the refractive indices of air and the layer respectively. In this simple 
model the wavefront of the light is split into two components, part is reflected from the 
upper surface and part is refracted into the GaN layer. A second reflection occurs at the 
interface of the layer and substrate. These two coherent reflected components interfere 
with each other and produce a pattern that consists of constructive and destructive 
interference fringes as the wavelength of the incident beam changes. A full analysis 
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would incorporate multiple beam interference due to multiple reflections of the light at 
the top and bottom of the layer. However this does not change the wavelengths at which 
the constructive and destructive interference occurs. Consequently we have considered a 
basic model which includes a single reflected and refracted ray as shown in Fig. 4.6. Two 
parameters should be taken into account in order to find the corresponding conditions for 
constructive and destructive interference. First the difference in the optical path of the 
rays, and second the phase change of the light while reflected from the interface between 
the epilayer and the substrate. 
Since in this study the refractive index of GaN is always bigger than sapphire, as seen in 
Fig. 4.7, the first reflected beam is in antiphase relative to that of the second one. 
Therefore, destructive and constructive patterns can occur provided the optical path 
difference of these two rays are equal an integer or an integer plus a half number of 
wavelength, respectively. For destructive interference, for example, we have: 
A= mý, (4-6) 
where m is the order of fringes, and A= 21. n - S. Since S=D sin©o and D= 21. sinO. 
Consequently, one can write 
Thus eq. (4-6) reduces to 
or 
By using eq. (4-5) we have 
A= 21. n - 2lsineosine 
A= 2dncosO 
2dncosO = m), 
2d(l)=k 1 
mn cosh 
X/2n 
-d1 
sinAo 2m 
- 1 n 
(4-7) 
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Fig. 4.7 The refractive index of GaN (solid curve) and sapphire (dashed curve) as a 
function of wavelength at 300K. 
Here nQ) is known from the literature 
and 
measurements are made as a function of ? at a 
known angle of incidence. Consequently everything on the left hand side of eq. (4-7) is 
known. On the right hand side the integer m changes by one for each consecutive 
minimum but the order of a particular minimum is not known. Consequently the order of 
the shortest wavelength is used as a fitting parameter. This fitting process and the extent 
of its reliability is discussed below. 
4.5.2 Reflectance and Spectroscopic Ellipsometery techniques 
According to eq. (4-7) one practical way to evaluate the thickness of the layer is to find a 
wavelength range for which the medium is transparent. In our study we have used 
reflectance and spectroscopic ellipsometery (SE) techniques. In the former the measured 
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quantity is the reflectivity and in the latter the parameter yr, is the 
magnitude of the ratio of the p and s polarised complex reflection coefficients. Due to the 
different detectors in these two techniques the wavelength range is slightly different, 300- 
1600 nm in the reflectance technique using an InGaAs detector and 400-1100 nm in SE 
technique using the UV enhanced Si detector. Although both techniques give similar 
results, SE is much quicker than reflectivity. In optical measurements the system response 
which involves both the detector and spectrometer responses at a particular wavelength 
should be removed. In the reflectance technique the system response can be removed by 
normalising the data. This process requires two scans, one with a standard reflecting 
mirror and the second with the layer of interest. The ratio of these results gives the desired 
data. In the SE technique, on the other hand, since yr is related to the ratio of p and s 
polarised reflected lights the response of the system is removed automatically. Fig. 4.8 
shows a typical interference pattern of reflectance and yf measurements for an incident 
angle of 70 degrees. In all these measurements the wavelengths of interest are ?, nw and 
a'ntin at which the constructive and destructive interference occur. The corresponding 
amplitudes, i. e. intensities, are not important in this study. It should be noted that in the 
SE measurements the above theory is correct when the angle of incidence is smaller than 
the Brewster angle (-' 67°). As is described in the following section, above this angle the 
position of the peaks and troughs is reversed. 
4.5.3. Fitting Process 
According to eq. (4-7) the relevant parameters are and ý,,,,;,,, the angle of incident ©0, 
the refractive index of the layer, n, and finally the order of the fringes, m, which is the 
only fitting parameter. In order to find the thickness with most accuracy we consider the 
wavelength dependence of the refractive index of GaN and note that the sapphire 
refractive index is always less than that of GaN. 
For GaN film we have used the experimental data given by Eider i0?. This is shown in Fig. 
4.7 by the open circles. In order to fit an empirical dispersion relation we have used a 
Cauchy dispersion formula as follows: 
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b 
n(k)=a+2+4 (4-8) 
where the X's are in nanometer. We have used a least squares fit to find the best values for 
the coefficients for both GaN and sapphire. The values for the coefficients are given in 
Table 4.1 and are shown in Fig. 4.7 by the solid curve. The sapphire dispersion curve is 
shown by the dashed curve. 
SE measurements 
Reflectivity measurements 
i 
400 500 600 700 
Wavelength (nm) 
Fig. 4.8 A comparison between reflectance spectrum and SE measurement for an angle of 
incidence of 70° for sample TS 98. 
Table 4.1 Coefficients used for GaN and sapphire in eq. (4-8). 
Coefficient GaN Sapphire 
a 2.333 1.75 
b (nm2) 7.7x103 6. Ox103 
c (nm4) 4.459x109 -9.746x106 
67 
From the theory of interference in thin films, for both the constructive and destructive 
conditions, the value of m represents the number of wavelengths in the optical path 
difference A between the two reflected rays. For the shorter wavelengths this number is 
larger than for longer wavelengths. Therefore, if we denote m,,, for the first destructive 
fringe (the shortest wavelength in the transparent region) the order of the other fringes 
should decrease in integer steps. Theoretically it is expected that a plot of the left hand 
side of eq. (4-7), here after called Z vs. the inverse of the order, 1/m, should result in a 
straight line with an slope of equal to the thickness, d, of the layer. To find the right hand 
side we need to know about the particular wavelengths of the peaks, "X, or troughs, 
ý,,,,; t,. These are easily obtained from reflectance or SE data at an arbitrary angle of 
incidence, 00. To plot Z, vs. the 1/mi, we first need to assign an order to each of these a,; 's. 
The first guessed value, m., is important because an incorrect guess leads to curvature 
in the data and consequently a poorer linear fit as indicated by the mean error per data 
point. The best value is obtained by finding a minimum in the mean squared error (MSE) 
per data point. 
Fig. 4.9 shows the reflectance spectra for sample BdC-2617 over the wavelength range 
from 400 to 1100 nm at the angles of incidence shown. To find the best m,,, a, r for the data 
taken at 6011 we have shown in Fig. 4.10 the linear fits obtained from eq. (4-7). The inset 
shows how the MSE varies with the parameter mm. The best fits to the data found for 
various values of m. around the value that gives the lowest MSE are also shown. It is 
clear that the minimum MSE occurs at m= 23. For other values, even with a half 
integer step size MSE increases sharply. It is clear that for the other two possible values 
of m,,, a, r (i. e. 22 or 24) the data points are sublinear and superlinear respectively. For this 
sample we found the thickness of the layer to be 2.02 ± 0.01 µm 
Obviously the thickness obtained should be independent of the angle of incidence, 00. 
The same analysis, as described above, has been done for other data at different angles. 
All give the same results within the quoted uncertainty. However some care must be 
taken to select an appropriate angle of incidence. Between 00 = 68° and 70° the A and 
".,, flips over for all fringe orders. This is shown for example for the order of m; = 9.5 in 
Fig. 4.9. 
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Fig. 4.9 SE parameter `Y as a function of wavelength for sample Bdc 2617 for the 
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Fig. 4.10 Best fit lines given by eq. (4-7) for the value of m, . shown. The data used is 
that for 60° shown in Fig. 4.9. The inset shows the variation of the MSE per 
data point as a function of mom. 
69 
PAGE 
MISSING 
IN 
ORIGINAL 
4.6 Optical Characterisation of Light Emitting Diodes 
As one application of the transport properties of GaN described in this thesis I describe in 
Chapter 8 how the electroluminescent characteristics of a GaN homojunction LED as a 
function of temperature can be analysed. The experimental set-up used by D. Lancefield 
et al. 10x is described here briefly. 
Optical measurements were made using an 1877E spectrometer with a Spectrum One UV 
enhanced CCD array as shown in Fig. 4.12. The sample was mounted on a copper block 
of a cold forger cryostat and the temperature maintained constant to within ±0.2K over a 
temperature range from 80K to 370K. The details of the temperature control arrangement 
are similar to those described for the transport data in section 4.2 except that the cryostat 
had quartz windows allowing optical access. 
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UV-Si 
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Fig. 4.12 A schematic diagram of the experimental arrangement used to investigate the 
temperature dependence of the electroluminescence from a GaN homo junction 
LED. 
Biasing of the LED was achieved using either a DC constant current source, or an Avtech 
voltage pulse unit with pulse widths of 1 µs to 10 µs. The pulse unit allowed constant 
current pulses to be applied to the device without significant heating. This was achieved 
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by adjusting the duty cycles (DCs) down to 0.1%. A correction for the system and 
detector response was made by taking measurements using a calibrated light source under 
the same experimental conditions. 
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Chapter 5 Electron Transport in GaN 
This chapter is mainly concerned with the theoretical description of the electrical 
transport properties of as-grown n-type GaN grown on sapphire. Resistivity and Hall 
effect measurements allow the Hall free carrier density and mobility to be found. A 
systematic study of the variation of these parameters as a function of temperature 
allows material properties such as the density of impurities, their activation energies, 
concentration of compensating centres and also the main scattering mechanisms 
limiting the mobility of free carriers to be determined. These properties are important 
in the design of electronic and optoelectronic devices. However, to correctly interpret 
the data an accurate model is necessary. In most III-V n-type semiconductors, at least 
for a limited temperature range, a model that only involves free electron conduction in 
the conduction band alone is satisfactory. However, for certain impurity densities, 
analysis of measurements to liquid helium temperature require a "two-carrier" model 
involving transport within the conduction band and additionally within a donor 
impurity band. For the GaN samples studied we have found that conduction band 
transport alone cannot explain the Hall experimental data taken over a temperature 
range from 10-450K. Others have reported similar effects26.99.109.110 A two-carrier 
transport model can successfully explain these results but there remains some 
controversy as to the mechanism giving rise to the second transport path. Some 
authors suggest that impurity band conduction is responsible while others believe that 
a metallic type electron conduction at the interfacial layer between GaN/sapphire 
substrate is the cause in some structures or in materials grown by specific techniques. 
We have studied. a large number of n-type GaN samples grown by MOCVD. Some 
were not intentionally doped while others were doped with Si or O. Room 
temperature electron carrier densities cover a wide range from 6x 1016 to 4x 1019 cm 3. 
For convenience these samples have been subdivided into degenerate and non-degenerate 
samples based on their room temperature carrier density as defined by the critical 
impurity concentration, Nom, for the Mott transition, given by eq. (3-40). Using r., = 9.87 
gives Nc,. ýtsl. 2x cm 3. 
In the context of this work degenerate and non-degenerate means the same as metallic 
and non-metallic, respectively. 
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Section 5.1 is concerned with the experimental data of the Hall effect and resistivity 
measurements for the non-degenerate samples over various temperature ranges. A 
number of common features are described. I have been able to study material with a 
relatively low dislocation density. The results for these samples and the role of impurity 
band conduction are discussed in section 5.2. Section 5.3 is concerned with the analysis of 
a sample, grown by HYPE method, that has previously been reported by Look99" 
Through the study of this sample we have found that a two-carrier model involving 
transport in the bulk material and in a thin degenerate interfacial layer, cannot explain 
correctly the deduced bulk data. It is found that a three-carrier transport model improves 
the analysis! In section 5.4 we have given a qualitative discussion of the transport 
properties of degenerate layers. Section 5.5 describes our first measurements on the 
pressure dependent transport studies of GaN while in section 5.6 we provide a summary 
and conclusions to this chapter. 
5.1 Transport Properties of Non-Degenerate GaN 
Table 5.1 lists all the non-degenerate GaN samples studied here and includes the 
epilayer thickness, found using the technique described in Chapter 4. This is required 
for the calculation of bulk properties. Also given in this table are the apparent Hall 
electron concentration and mobility at 300K and 77K. The peak mobility and the 
temperature at which it occurs are also shown. Figs. 5.1,5.2 and 5.3 show the 
measured Hall carrier density, Hall mobility and resistivity of these samples as a 
function of temperature. 
Despite the fact that these samples are not intentionally doped they all show a 
relatively high room temperature free electron density, varying from 6x 1016 to 
-9x 1017 cm-3. This variation may be related to various parameters associated with the 
growth process. With the exception of the first six samples in Table 5.1, all the others 
have been grown using either a GaN or AIN buffer layer on top of a sapphire 
substrate. The first six samples differ from the rest in that the GaN was grown on an 
extremely thin, 250A, silicon nitride layer deposited on sapphire prior to the low 
temperature growth of the GaN buffer layer. This configuration makes the buffer 
layer crystallise forming GaN islands during annealing at 1080°C. Subsequent 
74 
epitaxial deposition of GaN proceeds by both lateral and vertical expansion of these 
islands and ends up after coalescence in high quality GaN layers with dislocation 
densities in the low 108cm2 range. Further information on these samples is described 
by Vennegues et al. 27 
Table 5.1: Some measured quantities for the as-grown non-degenerate n-type GaN 
samples. 
Sample 
ID 
Thickness 
[µm] 
n1i(300K) 
[cm 3] 
in(300K) 
[cm2N. s] 
t1j(77K) 
[cm2N. s] 
µii, max(T(K)) 
[cm2/V. s] 
G-590 6.4±0.2 0.6x1017 645 1594 1833(115) 
G-515 3.42±0.03 1.1 455 898 1100(128) 
G-503 2.71±0.02 1.2 580 1150 1360(130) 
G-519 4.08±0.03 1.7 440 682 959(140) 
G-665 6.6±0.2 2.8 402 608 834(144) 
G-516 2.43±0.03 6.0 213 365 520(144) 
AX-982 1.2 2.1 170 124 239(192) 
2513 1.3 2.7 298 190 364(160) 
2512 1.3 3.4 274 181 348(180) 
2509-3° Off 1.3 4.3 281 205 373(180) 
2509-1° Off 1.3 4.8 270 171 331(175) 
2386 1.34±0.01 4.9 306 151 337(220) 
TS-102 2 5.5 259 171 283(220) 
2514 1.3 5.6 172 77 196(200) 
TS-75 2.5 8.8 256 134 300(200) 
Although the detailed growth procedures of these MOCVD grown samples are not the 
same and some of their properties, such as the dislocation density, vary widely from 
sample to sample, the general trends in the data remain broadly similar and, in many 
cases, follow a systematic variation. 
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Fig. 5.1: Hall electron concentration as a function of reciprocal temperature for the 
samples given in Table 5.1. 
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Fig. 5.1 shows that in general the carrier density decreases from its value at room 
temperature and goes through a minimum before increasing again at lower 
temperatures. The temperature at which this minimum occurs is seen to depend on the 
room temperature carrier density; the temperature increases as the carrier density 
increases. In contrast to many semiconductors where the carrier density goes through 
an exhaustion region, there is no sign of such a region here even for temperatures as 
high as 450K. The temperature dependence of the mobility, shown in Fig. 5.2 also 
shows a trend with the highest mobility samples having a peak mobility at lower 
temperatures. At low temperatures the trend is less clear and in some instances the 
data for different samples cross so that a sample with a low mobility above IOOK may 
have a "high" mobility below 20K. The corresponding resistivity measurements are 
shown in Fig. 5.3 and again a systematic trend is apparent. In particular, at 
temperatures below about 25K, the temperature dependence of the resistivity is seen 
to depend on the absolute value of the resistivity at low temperatures or alternatively 
the extrapolated resistivity at infinite temperature (i. e. 1000/T = 0). These trends are 
discussed in more detail later. 
Fig. 5.4 shows the Hall electron mobility as a function of Hall carrier density 
measured at 300K. Also shown in this figure is equivalent data taken from published 
results35'37,112 Fig. 1.1 shows similar data but distinguishes between MOCVD and 
MBE grown material. The solid lines in Fig. 5.4 show the theoretical variation of 
electron mobility for various doping levels and different compensation ratios of 0.0, 
0.20,0.40 and 0.60. This calculation is based on iterative solution of the Boltzmann 
equation (ISBE) which includes most significant scattering mechanisms (as discussed 
later) except dislocation scattering113. For a given carrier density the measured 
mobility lies significantly below the theoretically predicted mobility. This may 
happen for a range of reasons. However, it is interesting to note a number of features 
of the data shown here. Firstly, it is clear from the published data in Fig. 1.1 that there 
appears to be no significant difference in samples grown by MOCVD and MBE 
although the undoped samples with carrier densities above -5x 1018 cm 
3 do seem to 
have low mobilities, presumably as a result of compensation. There is a similar trend 
for the data shown in Fig. 5.4 although here the mobility at a fixed carrier density 
seems to have improved with time, presumably as a result of optimising the growth 
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conditions. However, the G-samples, shown by the circles in the figure have lower 
carrier densities and quite high mobilities. Indeed one sample is comparable to the 
best reported transport data published to date by Nakamura et al. Consequently, we 
will concentrate much of our anaylsis of the transport studies on these high quality 
samples. 
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Fig. 5.4: A comparison of the Hall electron mobility vs. carrier density at 300K 
for the measurements reported here and some data reported in the 
literature (see text). The solid lines represent theoretical predictions of 
the electron mobility using an iterative solution of Boltzmann equation 
for the compensation ratios indicated. 
To explain these general trends and the temperature dependence of Hall carrier 
density and Hall mobility we have analysed the high quality GaN epilayers, G- 
samples. 
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5.2 Analysis of low dislocation density GaN 
A detailed analysis of the transport properties requires self-consistent modelling of 
both the Hall carrier density and the Hall mobility. For a better understanding of the 
fitting process we initially consider the data for sample G-590, shown in Fig. 5.5(a) 
and (b). For the carrier transport in the conduction band we first considered a shallow 
donor impurity level with a density of Ndt and an activation energy of AEdt. These 
donors were partly compensated with an acceptor concentration, Na, (giving a 
compensation ratio of 0= Na/Ndl). A least squares fit to the Hall electron density data 
in the temperature range of -70 <T< 300K, using eq. (2-13a), allows the values of Ndt, 
purple 
AEdt and Na to be found. The quality of the fit is indicated by the dashedlcurve in Fig. 
5.5(a). The agreement with experiment is quite good over the limited temperature range 
from about 60 and 130K. 
To improve our analysis above 130K we need to explain the second, steeper slope in 
the Hall electron density data. One possibility is that the difference is due to the effect 
of changes in the value of the Hall scattering factor, rE{. However, it is clear that this is 
not the case for two reasons. Firstly the increase in measured carrier density is too big. 
Secondly the maximum in the Hall scattering factor occurs at a temperature 
corresponding to approximately half the LO phonon energy"4. For GaN this 
corresponds to a temperature of about 500 K, compared to about 200 K in GaAs. 
Consequently the temperature at which the effect is seen is also too low. 
Consequently we have incorporated an additional deep donor into our model. The 
carriers excited from this deeper level into the conduction band may be the reason for 
the lack of an exhaustion region. The rapid increase in free carrier density also means 
that the Fermi energy moves closer to the bottom of the conduction band. In this 
condition the Maxwell-Boltzmann distribution may no longer be a good assumption 
and it is more reliable to use Fermi-Dirac statistics instead. A comparison of eq. (2- 
6a) and the predicted n, ýi(T) can give the best estimates for the reduced Fermi energy 
at different temperatures, q(T). An initial estimate of the second donor level, Nd2, 
AEd2, together with the latter estimated values of TI(T) in 
N+ __ 
Nd2 
d2 1+ gdexp(rl)exp(DE 2 /kBT) 
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gives the contribution of the deeper impurity level to the conduction band free electron 
density. The initial values of Nd2 and Old can be chosen so that kt«(T), = ni(T) + 
n, 2(T), becomes as close to the measured data in the high temperature region as possible. 
.. I 
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It should be noted that because of the equality of nc2 and Nd2 , the charge neutrality 
condition, n,, + nc2 + N, -, =p+ Na, + Nd2 , is still valid. Repeating the comparison of 
n,, ta(T), instead of nd1(T), with eq. (2-6a) and using the better estimate of il(T) in the 
above calculations gives a more reliable values for Nd2 and AEdz. Our study showed that 
the best fitted values in this sample are: Nd1=7.1 x 10i6 cm 3, AEd1=16 meV, Ni =3.4x 1016 
cm 3, (or 00.48), Nd2=5.2x 1016 cm 3 and AEd2=70 meV. The corresponding temperature 
dependence of n, 2(T) and nc tot(T) are shown by the dashed (green) and solid curves 
respectively in Fig. 5.5(a). This model gives a reasonable fit to the experimental data from 
400 to -70 K. This information can now be used to investigate the temperature variation 
of free electron mobility in the conduction band. 
To fit the electron mobility data from 400 to -70 K we have used two methods. 
Firstly, the drift mobility was calculated in a relaxation time approximation (RTA) 
which included polar-optical scattering, acoustic deformation, piezoelectric, ionised 
and neutral impurity and dislocation scattering (tabulated in Table 3.1) in the 
Matthiessens's rule model. Secondly, an iterative solution of the Boltzmann equation 
(ISBE) for arbitrary magnetic fields, following the work of Rode''s, was used to 
calculate the Hall mobility. This allows us to check the role of the Hall scattering 
factor (rH) in obtaining good fits to the data, especially at intermediate temperatures. 
In the RTA method we have used ný,, o, (T) to find the variation of the ionised and 
neutral impurity scattering mechanisms as a function of temperature. In fact this 
quantity affects the density of ionised and neutral densities, N, and NN, by nc, tot+2Na 
and Nd1+Ndz-Na-rk, tot, respectively. Fig. 5.5(b) shows the expected temperature 
variation of each individual mobility component, µ;, and also their total effect on the 
free carriers in the conduction band, µ, tot(T). From this calculation it is clear that from 
about 400 to -250 K the mobility of free carriers is mainly limited by LO phonon 
scattering. In this temperature range the mobility of the electrons rises approximately 
exponentially as the temperature decreases. This behaviour is consistent with Bose- 
Einstein statistics. Between -70 and -200 K, depending on the sample, the effect of 
LO-phonons becomes negligible and a combination of other scattering mechanisms, 
such as dislocations, ionised and neutral impurities, piezoelectric and acoustic 
phonons, becomes more important. The presence of a maximum in the mobility, and 
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the temperature at which it occurs, depends on the temperature dependence of the 
acoustic phonon and impurity scattering. Dislocation scattering, for this sample at 
least, appears not to be significant at any temperature. The total conduction band 
mobility, µý, tot, agrees reasonably well with experiment for temperatures greater than 
-70 K. Below 70 K the agreement with experiment is very poor and shows the risks 
involved when trying to force a fit to data in the region of 60K using conduction band 
transport alone. 
The main characteristics of the transport properties shown in Fig. 5.5 are not unique to 
GaN. Similar behaviour has also been seen in other moderately doped III-V 
semiconductors, like GaAs116 and InP"7. In these materials it is explained by 
considering the possibility of carrier transport in a shallow impurity band. 
Consequently it is natural to consider this transport process for GaN although other 
mechanisms have also been proposed 99,111 In the following we investigate various 
possibilities in order to model the Hall electron density and mobility at temperatures 
below -70K. 
In the Hall electron density data the appearance of minimum may be considered to be 
due to the effect of changes in the Hall scattering factor. However, as described 
previously the size of the minimum and the temperature at which it occurs suggests 
that the Hall scattering factor is not significant. The appearance of a minimum in the 
measured nH(T) is often indicative of two conduction paths for carriers of the same 
type but where there is a difference in the carrier mobility in each path. Two 
alternative possibilities may arise as a result of conduction by two types of carrier 
with different transport properties. These are conduction in the conduction band and 
impurity band of the bulk layer and/or conduction in the conduction band of the bulk 
layer and a degenerate layer at the interface of GaN/sapphire substrate. The details of 
these theories are described in chapter 3. 
At this stage the question is which of these models should be used to explain the 
electron Hall density and mobility data below -70 K, for this sample? A useful set of 
data is the resistivity measurements at low temperature range, T< 40 K. According to 
our discussion in section 3.3.3 a finite slope in a plot of In(p) vs. T1 in the low 
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temperature range may be related to a hopping conduction process originating from 
the activation of carriers among the occupied and empty states within the impurity 
band. On the other hand in the presence of a degenerate layer we might expect a 
nearly temperature independent resistivity. The experimental results are shown in Fig. 
5.6. 
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Fig. 5.6: Resistivity data vs. reciprocal temperature for G-590. The solid line shows 
the fitted line, using eq. (3-35), with a finite slope. 
The figure shows that resistivity in this sample is activated with an activation energy 
of about 0.44 meV. This activated resistivity in GaN has also been reported by other 
authors"'. They obtained values in the range of -l meV. For bulk condition, when the 
electron transport occurs in two-bands, the general two-carrier transport model, eqs. 
(3-33) and (3-34), reduce to 
nH 
and 
ý nc, totµc, tot +n2µz _ 
2z nc, totNc, tot 
+n, ýA2 
n,., «µc,, w + n2µz µfý _ 
nc. caµc. coc + n2µ2 
(5-1) 
(5-2) 
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for dl=d2=d. In the bulk material we assume that the net available carrier density 
involving in the conduction, No, is constant and equal to the uncompensated shallow 
donor density: 
No =Nd, -N, =n,, +n2 (5-3) 
This equation which shows the carrier distribution between the conduction band and 
the shallow impurity band can be used to find n2(T), the carrier density in the impurity 
band. The last parameter needed in the right hand side of eqs. (5-1) and (5-2) is the 
mobility of electrons in the impurity band, 92. We have considered two techniques to 
model the impurity band mobility. Both have advantages that are useful in describing 
some of the features that appear in the measured data. 
Model 1: This model is useful in order to explain the appearance of the minimum in 
the Hall carrier. Using eq. (5-3) and letting b=µ2/µ. ý, wt then egs. (5-1) and (5-2) reduce 
to: 
1- b}n,, + nc2+ Nobf 
n _(1_b2, +n, 2+ Nab2 
and 
II -. 
Nata Lnaca + (No - n,, )bz l F`H - 
nta + (No - n,, 
)b 
(5-4) 
(5-5) 
So here we assume that µ2 is some fraction of the electron mobility within the 
conduction band. By assuming that nc2 « n. i in the temperature range where the 
minimum occurs, and that b is only weakly temperature dependent one can easily 
show that this model predicts that the minimum in nH occurs at 
nita,; o = 
when 
4Nab 
(1+by 
_ 
Nob 
n`' (1 + b) 
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(5-6) 
According to this model the net carrier density, No, is a constant independent of 
temperature, made up predominantly of conduction band electrons at room 
temperature and electrons within the shallow impurity band at low temperatures. 
Although the Hall electron density saturates at very low temperatures at higher 
temperatures it rises above this level. Therefore, as mentioned above, the appropriate 
fitting parameters for Nd and Na should be chosen so that the low temperature carrier 
density, No, is consistent with the measured data. Using the measured values of No 
and nH, min in eq. (5-6) we find that b 0.02 
for the sample discussed above. Given, as 
discussed shortly, a conduction band mobility at the transition temperature of about 
1000 cm2Ns, this indicates an impurity band mobility of about 20 cm2/Vs. 
This model has also been used by Molnar et al. 28 By a simple calculation one can 
show that at this point (occurring at a transition temperature T) the conductivity in 
the two bands are equal, i. e. ac=GIB. Therefore above T. transport within the 
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conduction band dominates while below T* impurity band conduction dominates. Fig. 
5.7 shows the transition temperature for all the experimental data we have measured 
. 
16 along with data compiled from the literature 
If we consider a fixed level of compensation the impurity band mobility increases as 
the donor density increases as a result of the increasing overlap of the electron wave 
functions between adjacent impurities. In contrast the conduction band mobility 
decreases. Consequently we expect that as the distribution of carriers between the two 
bands changes with temperature ac should equal amn at higher temperatures as the 
donor density is increased. This is exactly what is observed. The spread of the data 
around the average line may be due to the different compensation ratios in different 
samples. 
Model 2: In the above analysis we have assumed that the mobility of the carriers 
within the impurity band changes with temperature so that b remains constant at the 
value obtained at T=T*. A better estimate for the weak temperature dependence of the 
carriers in the impurity band is based on the hopping conduction model given by 
Efroslol, and outlined in section 3.3.3. In using this model, using eq. (3-38), two 
parameters should be known, µo and s3. We obtained the hopping activation energy, C3 
to be 0.44 meV from the resistivity data of Fig. 5.6. For the best estimate of µo we 
have used the measured low temperature mobility. Consequently we find that the 
temperature dependence of the impurity band mobility is given by: 
µ2 =15exp - 
0.44 x 10-3 (eV) 
cm2N. s 
ßT 
Using this expression together with n2, in eq. (5-3), and the previous calculations for 
the conduction band analysis, i. e. nc tot and µc, tt, in eqs. (5-1) and (5-2) complete the 
fitting analysis to the measured data, nH and µ}{. The results of these calculations are 
shown in Figs. 5.5(a) and (b) by the solid curves labelled "Apparent Hall carrier 
density" and "µiift Mobility", respectively. Clearly the agreement with experiment over 
the whole temperature range is good. It should be noted here that self-consistent 
fitting to both the mobility and carrier density gives only small improvements to the 
fits shown. 
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Fig. 5.5 (b) also shows a curve labelled `pHau, (ISBE)'. This curves comes from the ISBE 
calculation which includes the same scattering mechanisms with the exception of 
dislocation scattering' 13 A comparison of this curve with that of our simplified 
method based on RTA show that the ISBE improves the fit in the temperature range 
from 60 to 150K. This is mainly due to the incorporation of Hall scattering factor in 
ISBE calculations. However, as has been seen elsewhere it overestimates the mobility 
at high temperatures79,118. The reason for this last remaining discrepancy is not well 
known and can be the subject of continuing studies in this material. 
A similar calculation is applied for a range of other samples. The best-fit parameters 
are given in Table 5.2. The fits for the "G-samples" are shown in Figs. 5.8 and 5.9. 
The fits for some other samples are given later. 
Table 5.2: The Best fit parameters for all samples. 
Sample 
ID 
Ndl 
[cm 3] 
Edt 
[meV] 
0 
[=Nd/N, ] 
Nd2 
[cm 3] 
Ed2 
[meV] 
Ndis. 
[em 2] 
G-590 7. l x 1016 16 0.48 5.2x 1016 70 1x107 
G-519 1.8x 1017 12 0.58 1.7x 1017 34 1x107 
G-665 4. Ox1017 14 0.20 2. Ox1017 70 1x10 
G-515 2. Ox1017 11.5 0.45 3. Ox1016 38 1x10 
G-503 2.4x 1017 12 0.45 3. Ox 10t6 35 1x107 
G-516 5.4x1017 13 0.15 5. Ox10 7 35 1x10 
Ax-982 4. Ox1017 10 0.55 9.0x10 6 35 2x10 
2513 8. Ox 1017 17 0.35 - - 1x108 
2512 4. Ox 1017 12 0.23 2. Ox 1017 45 2x 109 
2509-3°off 4. Ox 1017 12 0.23 2. Ox 1017 45 1x 109 
2509-1°off 6. Ox1017 11 0.25 4.0x10 7 45 1.5x]09 
2386 1.2x 1018 8 0.24 - - 1.0x108 
TS-102 5.8x1017 25 0.02 4.0x1017 45 1x10 
2514 1.5x1018 25 0.08 - 1x10 
TS-75 1.2x10'8 19 0.03 1x108 
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It is clear from the previous figures that the quality of the fits is quite good over a 
wide temperature range. For some of the other samples, where the parameters are 
given in Table 5.2, the quality of the fits is a little worse. In the G-samples we find 
that the influence of dislocation scattering is rather weak but in some of the other 
samples an increased dislocation density is required to obtain a reasonable fit. 
However, perhaps the most important point to note here is the important role played 
by neutral impurity scattering. This mechanism is frequently neglected in other 
studies. It seems from this work that it is very important. 
In Fig. 5.10 we can see a clear trend for the variation of the activation energy as a 
function of the donor density. The decrease in activation energy with increasing donor 
density is consistent with the theoretical prediction, given by eq. (2-18) where the 
curves in Fig. 5.10 were determined from the minimum and maximum values of c, 
and a used in eqs. (2-14) and (2-18), respectively. 
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5.3 Interfacial layer conduction in GaN 
The aim of this section is to investigate the role of interfacial layer conduction in 
GaN. Is this effect important in a wide range sample structures or does it only occur 
in a limited number of samples? The first paper reporting the role of interfacial 
layer scattering was by Look et al. 99. They studied a 20µm thick GaN sample grown 
by the HVPE method. If an interfacial layer is important in such a thick sample it 
may be very important in the more usual layers of a few µm normally used to 
characterise MOCVD and MBE material. Spontaneous polarisation, as described by 
Harris et al. 20, provides a possible mechanism for the formation of such a layer. The 
aim here is to reinvestigate the data reported by Look et al, and to analyse the data 
to asses the relative importance of impurity band and interfacial layer transport. 
The data published by Look et al is reproduced in Fig. 5.11 by the circles. It is 
interesting to note the similarity of this data to the measurements already discussed 
for sample G-665, which was analysed by the two-band theory. Fig. 5.12 allows a 
direct comparison of the experimental data. We thought that since impurity band 
conduction is a natural conduction path in semiconductor materials with a relatively 
high shallow impurity/defect concentration, _10" cm 3, can we interpret Look's 
data by this theory? Both samples show a nearly equal carrier density in the low 
temperature region. This means that Ndi-Na should be nearly the same in both 
samples. First we note that n300(G665)> n3oo(Look) and that both µ3oo and g. " in 
G665 are less than in Look's sample. If we assume that the compensation ratio and 
activation energies are similar in both samples we conclude that 
Ndl(G665)>Ndl(Look). From impurity band theory, µiB is very sensitive to the 
overlap of the electron wave functions of the impurity states. Therefore, a higher 
impurity band mobility is expected for G665 than for Look's sample. The 
experimental data shows the opposite effect. Consequently we have considered the 
analysis of this sample in more detail. 
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By rearranging the general two-carrier transport, eqs. (3-33) and (3-34), we can find 
the transport data of the bulk layer as: 
d 
(µHnH-µ2n2d2/d)2 
nl dt µHnH -µin2 d2/d 
and 
__2_ .. 
2__ a /. a 
III = 
µHnH -µ2n2 d2/d 
(5-7) 
(5-8) 
where subscript 1 and 2 refers to the bulk and interfacial layers, respectively. In 
these equations nH and µH are the measured data and d (=di+d2) is the film 
thickness, which is 20 µm. These general equations tend to those given by Look et 
al when we assume d se di, which is reasonable in this thick sample. According to 
Look et al it is assumed that the low temperature data of Hall electron density and 
mobility are all correspond to the free carrier transport in the thin (-2000 A) 
interfacial layer. Their measurements show that below 30 K the Hall carrier density 
tends to a nearly constant value of 3.9x 1017 cm 3 and the Hall mobility to 55 
cm2Ns, assumed to be equal to 92. In order to find the volume density of carriers in 
the interfacial layer they first find the sheet carrier density, ns2=3.9x 1017x(20x 10' 
4 )_8x 1014 em 2, from which they obtain n2=n`2/d2 '44x 1019 cm3. 
Using these values in eqs. (5-7) and (5-8) the bulk layer data, nl, pi, can be 
deduced. These are shown in Fig. (5.11) by the open squares. A least square fit to 
the carrier density, using eq. (2-13a), reproduces the best fit parameters reported by 
Look et al, i. e. Nd=2.1x1017 cm3, DEd=16 meV and Na_5.1x1016 cm3 (or a 
compensation ratio of 0.24). Although it may seem that these results depend on the 
thickness of the interfacial layer this is not the case. This may be explained by 
considering that, in eqs. (5-7) and (5-8), we are concerned with the product of n2d2 
which is equal to ns2, while ns2/d is equal to the measured Hall carrier density at 
very low temperatures. Therefore, the chosen value of the interfacial layer thickness 
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only affects the value of the volume density to which the temperature independent 
mobility, µ2, is attributed. An appropriate value for the thickness should be chosen 
so that the values of n2 and µ2 are consistent with the expected measured values of 
highly degenerate samples shown in Fig. 5.4. 
Now by incorporating the temperature dependent n, (T) into a Matthiessen's rule 
analysis of the conduction band mobility the dot-dashed curve shown in Fig. 5.11 is 
obtained. Clearly the agreement with the bulk mobility shown by the open squares 
is rather poor. However if we perform a two carrier calculation using these 
conduction band properties along with the interfacial layer carrier density given 
before and an interfacial layer mobility of 55 cm2Ns the solid red curves in Fig. 
5.11 are obtained in good agreement with experiment. 
However, we consider that there are a number of problems with this analysis. 
1. Look et a! neglect neutral impurity scattering that we have previously found to 
be important. If this additional scattering mechanism is included the red dashed 
curves in Fig. 5.11 are obtained. Clearly the agreement with experiment is 
significantly worse. 
2. Look et al state that `the polar-optical scattering was increased by a factor of 
1.8 in order to fit the high-temperature part of the mobility curve'. There seems 
to be no justification for this adjustment. 
3. The transport properties of the "bulk GaN" deduced by subtracting off the 
interfacial layer cannot be explained on the basis of carrier transport in the 
conduction band alone. The weak temperature dependence of the carrier density 
at low temperatures and the sharp drop in the mobility from about 1000 to -100 
cm2/Vs cannot be reproduced theoretically. We are unclear how Look et a! 
have been successful at fitting this data. 
Consequently it seems for this sample that neither impurity band or interfacial layer 
conduction can satisfactorily explain the experimental data. From our results it 
seems clear that impurity band conduction is almost always present. Consequently, 
we have considered a "three-carrier" transport model. This model is a combination 
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of conduction in the bulk layer, including the conduction band and the impurity 
band, plus a thin degenerate interfacial layer, which was absent in our samples. This 
means that the measured low temperature nH and pil data come about as a result of 
the both impurity band and interfacial layer transport. The procedure we have used 
is as follows. 
First we consider the thickness, carrier density and mobility of the interfacial layer. 
These quantities must be chosen so that the equivalent bulk carrier density and 
mobility agree reasonably with the data of Figs 1.1 and 5.4 and fit with some 
specific common features of bulk GaN layers shown in Figs. 5.1 and 5.2. We have 
considered that: (1) In plots of nFl vs T"' there is a clear minimum that tends towards 
a temperature independent region at very low temperatures, (2) In plots of µil vs. T 
the mobility of carriers decreases rapidly below -50-70K, depending on the sample, 
and in some samples tends towards an independent temperature region of -20 
cm2/Vs, as an upper limit in G665. Regarding these points we found that attributing 
a temperature independent electron density and mobility of 3x1019 cm 
3 and 63 
cm2/Vs, respectively, to an interfacial layer with a thickness of 2000 A gives bulk 
data consistent with these points. The corresponding "bulk data" found using eqs. 
(5-7) and (5-8) are shown by the open squares in Fig. 5.13. Fitting the temperature 
dependence of the carrier density we obtained Nd=2.1x1017 em3, Al: d=15 meV and 
Na 3.7x10i6 cm 3 (or a compensation ratio of 0.18). These fitted parameters lead to 
the temperature variation for the density of the conduction band free electrons and 
their mobility shown by the solid black curves in Fig. (5.13). Combining this with 
the impurity band mobility and carrier density, as is described in the previous 
section, with the carrier distribution given by eq. (5-3) and a mobility given by 
µd = 25exp - 
0.07 x 10-3 (eV) (Cm2N. s) kBT 
shown by the blue curves gives the overall transport properties given by the dashed 
black curves for the bulk material and the solid red curves for the whole structure. It 
should be noted that the fit to the whole structure is as good as that described by 
Look et al, but, more interestingly, the bulk behaviour looks similar to the results 
discussed previously. In addition the mobility calculation incorporated neutral 
impurity scattering in the usual way. 
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5.4 A qualitative description of electron transport in 
degenerately doped GaN 
As described at the beginning of this chapter, some of our measured samples 
contained a high electron density at room temperature. The corresponding transport 
data are shown in Figs. 5.14. According to Table 5.3 the carrier density in these 
samples, some of which were intentionally doped while others were not varies from 
1.35x 1018 to 4.15x 1019 cm 3 at 300K. All of these have an impurity (defect) density 
more than Mott transition, NM, given by eq. (3-40). 
Table 5.3: Some measured quantities for the degenerately doped n-type GaN 
samples. 
Sample 
ID 
Thickness 
[µm] 
n(300K) 
[cm 3] 
µ(300K) 
[cm2N. s] 
µ(77K) 
[cm2/V. s] 
µma, (T(K)) 
[cm2N. s] 
2379 (U) 1.4 1.35x10 
8 218 79 220(280) 
2594 (U) 0.8 1.55x1018 33 33(300) 
53 (U) 1 1.74x1018 90 30 91(270) 
98 (Si) 1 6.52x1018 142 100 142(300) 
2517(0) 1.02±0.05 9.13x1018 33.4 21.6 33.4(300) 
2595 (U) 1.4 1.13x10' 62 30 64(350) 
2521 (0) 1.10±0.05 2.61x10'9 79 72 82(450) 
2520 (0) 1.05±0.05 2.79x 1019 68 64 70(260) 
2598 B (0) 1.05±0.04 2.81x10' 9 50 41 56(360) 
2598 A (0) 1.19±0.06 4.15x1019 49.6 43 50(390) 
*U stands for unintentional doped, Si for silicon and 0 for oxygen intentional 
dopants. 
In some of these samples we can still see a weak temperature dependence for the 
Hall electron density and mobility. One example, sample 2379, is close to the 
boundary between degenerately and non-degenerately doped material. 
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In order to try to model the data for sample, 2379,1 have tried to do a "two-band- 
calculation, as before. The results are shown in Fig. 5.15.1 Ibund that, because of' 
the reduced donor activation energy, the uncertainty in the fitting parameters is 
larger. I found a best fit with Nd=2.2x 1018 cm-;, AEd=7.5 mcV and 0=0.10 with a 
dislocation density of 7x108 cm2. However, by decreasing the compensation ratio 
to 0.002 a very similar fit can be found with Nd=l. 8x 1018 cm ;, AF, 1--7.5 mcV and 
Nd; s 2x 109 cm-2 . Again 
it is interesting to note the importance of neutral impurity 
scattering in this fit. 
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For other samples where the carrier density is higher both the Hall carrier density 
and the mobility are nearly temperature independent. This may be explained as 
resulting from the broadening of the impurity band and its merging with the bottom 
of the conduction band. This temperature independent characteristic is important for 
the analysis of the properties of homojunction LEDs which we discuss in chapter 8. 
5.5 Electron transport in GaN at high pressures 
In previous sections we have found that only a "two-band" model can explain the 
corresponding transport data taken over a wide temperature range. In one sample , 
where interfacial conduction is expected, we have obtained good fits by reducing 
the role of interfacial layer conduction but then introducing impurity band 
conduction. In this section I have studied the pressure dependent transport 
properties of sample 2386 in an attempt to distinguish between impurity band and 
interfacial layer conduction. Both these mechanisms become important at low 
temperatures, when the contribution of free electrons in the conduction band is 
negligible. The application of high pressure can change the direct band gap of a 
semiconductor. This in turn affects the effective mass of the carriers. According to 
our discussion in chapter 3 this effect has much more influence on the IB mobility 
than than for the interfacial layer. As mentioned earlier due to the lack of a theory 
describing the mobility of carriers in the IB, depending on different compensation 
ratio, we preferred to analyse the more reliable resistivity data as a function of 
pressure at low temperatures. 
The details of the high pressure experiment are described in chapter 4. Fig 5.16 
shows the pressure dependence of the resistivity, carrier density and mobility at 
300K normalised relative to their respective values at atmospheric pressure. We see 
that the carrier density decreases by a little over 0.5% in 8kbar while the mobility 
decreases by just over 1%. 
Ideally we would like to be able to perform the same experiment at low 
temperatures (<30K). Unfortunately this is not possible because of the solidification 
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of the pressure fluid. Instead we performed a series of experiments as a function of 
temperature while maintaining a fixed hydrostatic pressure. 
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The results are shown in Fig. 5.17. On the scales shown there is little change in the 
parameters at room temperature but all appear to show an increasing dependence on 
pressure as the temperature is reduced. To analyse this data we started by analysing 
the data taken as a function of temperature at atmosphric pressure. The results of a 
usual "two-band" analysis are shown in Fig. 5.18. A reasonable fit was achieved 
with Nd = 1.23x 1018 cm 3,0 = 0.24 and AEd = 8±1.5 meV. For the Impurity band 
mobility we have used the expression µd =18exp( 2.2 x 10-3/kBT). 
In order to find the dependence of electron effective mass on pressure we have used 
eq. (2-3). In this equation we need to know Ep, the momentum matrix element. This 
has been found using Eg = 3.40 eV, me%ni=0.22 at atmospheric pressure and 
A=0.011 eV giving an approximate value Ep=12 eV. 
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Assuming this value does not depend on pressure and using the pressure coefficient 
for GaN. dEQ(P)/dP = 4.2 meV/kbar. leads to the following expression fir the 
pressure dependence of the electron effective mass: 
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MOM 
= 0.22 + 2.114 x 10-4p (5-9) 
m 
In this expression P is the pressure in kbar and me` the electron effective mass. 
According to this analysis the electron effective mass increases with pressure by 
0.1% per kbar. 
Consequently, we would also predict a small increase in the donor activation 
energy. From eq. (2-14) it is clear that this should also increase by - 0.1% per kbar. 
Such an increase in the measured activation energy would have little influence on 
the measured carrier density. However, we find that if we calculate the increase in 
the binding energy based on the low density limit of the binding energy we obtain 
for the carrier density 
the dashed curveLin Fig. 5.16 in good agreement with the experiment. The inset to 
Fig. 5.17 shows how the temperature dependence of the carrier density is modified. 
For the mobility analysis we have assumed that polar optical mode scattering 
dominates at 300K. Acoustic phonon scattering would increase this pressure 
dependence, while ionised impurity scattering would reduce it. Consequently this 
approximation also seems reasonable. Using the effective mass dependence from 
the expression given in Table 3.1 this predicts a decrease in mobility by 1.2% in 
8kbar, shown by the dot-dashed curve in Fig. 5.16. 
The above procedure, including the scattering effects of impurities, is valid for 
temperatures down to -150K, while the carriers in the CB dominate the transport 
properties of the material. Below this temperature the role of the second conduction 
path must also be considered. Finally at temperatures below 30K the second 
conductive mechanism controls the conduction. To distinguish between bulk III 
conduction and interfacial layer conduction we consider the pressure dependence of 
the resistivity at low temperatures. This data is a little less noisy than the mobility 
data because of the scatter apparent in the carrier density data in Fig. 5.17 at the 
very lowest temperatures. For the interfacial layer conduction with a metallic-like 
characteristic we expect a high and constant carrier density (of the order of 1019 cm 
3) with a mobility that depends on pressure by the variation of the effective mass in 
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various scattering mechanisms. According to this picture, as described in chapter 3 
we expect the pressure dependence of the mobility to decrease by between 0.05 - 
0.2%/kbar. Thus in 8kbar the resistivity should increase by between 0.4 - 1.6%. In 
contrast if the mobility is limited by impurity band transport eq. (3-43) predicts a 
decrease in the mobility of 5.6% in 8kbar leading to a corresponding increase in the 
resistivity. This value is quite sensitive to the choice of Nd. If Nd were 5x 10''cm ; 
the predicted increase in resistivity would be about 8% in 8kbar. The results of the 
pressure measurements at various low temperatures are shown in Fig. 5.19. The 
pressure dependence of the resistivity for impurity band conduction and interfacial 
layer conduction is shown by the solid and dashed curves respectively. Although the 
data is a little scattered the experimental results clearly support the role of impurity 
band conduction at low temperatures in this sample. 
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5.6 Conclusions 
The electron transport properties of a number of as-grown GaN epilayers on 
sapphire substrate have been studied using Hall effect and resistivity measurements. 
The samples studied were grown by MOCVD. From the analysis of non-degenerate 
samples we found that, even in the highest quality material with the lowest electron 
concentration, the transport properties of the sample over a wide temperature range 
could only be described by a two-carrier transport model that includes transport 
within an impurity band. In some samples where interfacial layer conduction is said 
to be important we find improved agreement if both impurity band conduction and 
conduction within an interfacial layer are included. In all cases the role of neutral 
impurity scattering seems to be important and should not be ignored when 
modelling the conduction band transport properties. For low dislocation density 
material scattering by dislocations seems unimportant but for material with higher 
dislocation densities fits to the mobility are improved by incorporating scattering by 
dislocations. There seems to be no strong evidence to indicate that high carrier 
density interfacial layers are an intrinsic property of these structures resulting from 
spontaneous polarisation. 
The role of impurity band conduction was supported further by systematic changes 
in transition temperature from conduction band transport to the second transport 
mechanism and by preliminary measurements of the transport properties at high 
pressures. Clearly, further work, particularly to higher pressures would clarify this 
situation further. 
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Chapter 6 Hole Transport in GaN 
As described briefly in chapter 1, the ability to grow p-type GaN is critical for a 
range of device structures. To date this success has been achieved using Mg as the 
acceptor impurity. Amano et al45 were the first to report the growth of p-type GaN. 
They used a 5kV low-energy electron beam to activate the material to an estimated 
depth of 0.5µm It is now routine to use a thermal annealing step to activate the 
material as used by Nakamura et al 49. 
We have measured the electrical transport properties of four GaN films grown by 
MOCVD and doped with Mg during growth. This reactor produces n-type films with 
a background donor concentration of 1017 cm 3 at room temperature. These layers 
were grown on (0001) sapphire. The layers were grown on a low temperature GaN 
buffer layer and were typically -1-2 µm thick. Among these samples three were 
preheated and contacted by colleagues at Thomson-CSF. One sample was prepared 
at Surrey (AX-984). Before annealing the material was highly resistive and we were 
unable to prepare ohmic contacts. After annealing the sample becoming more 
conducting and we were able to make good ohmic contacts. However, as a function 
of temperature the resistivity of the material increases rapidly and this limited the 
range of temperatures where reliable measurements could be made. The annealing 
and contacting procedure for AX-984 was as follows. To activate the Mg we used a 
rapid thermal annealing (RTA) system It had eight 1kW halogen-tungsten lamps 
arranged around a quartz chamber through which dry flowing N2 was passed. During 
annealing, the sample was in thermal contact with a Si wafer and the temperature 
was measured with a calibrated thermocouple attached to the Si wafer. The sample 
was heated at 700°C for 15 minutes. The ramp time to the set temperature was 
typically 15 seconds. 
The contacting process started with the standard cleaning steps as described in 
chapter 4. The body of the sample was then masked and the corners had l . 5nm of Ni 
and l8nm of Au deposited onto them by evaporation. The contacts were annealed in 
the same RTA system at 450 °C for 5 minutes. This process produced good ohmic 
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contacts at the corners of our 6x6 mm2 samples. As in the previous chapter the Hall 
effect measurements were made in a magnetic field of 0.3 T in the temperature range 
of 400-130 K. Reliable resistivity measurements could be made down to 50 K. 
There have been a number of reports5' 52,119 showing the temperature dependence of 
the Hall carrier density. Carrier freeze-out has been clearly observed with an 
acceptor activation energy in the range 165 to 185meV. However, in contrast to the 
results of chapter 5, this data cannot be used to estimate the impurity concentration 
as it is difficult to measure the carrier density to low temperatures where the role of 
the impurity band is clear. The best data so far reported has a low temperature limit 
of about I OOK120. 
The complexity of the valence band makes theoretical modelling of the hole mobility 
more complicated than for n-type GaN. A number of theoretical papers addressing 
these issues have been published but only recently has a paper been published which 
attempts to fit experimental data S3. In this paper Kim et al have incorporated the 
effects of the heavy- and light-hole bands but have assumed parabolic bands and 
spherical constant energy surfaces. In this chapter we have explored how well a 
"two-band" model incorporating a valence band plus impurity band can describe the 
results we have obtained. 
6.1 Qualitative Characteristics 
The temperature dependence of the Hall carrier density, mobility and resistivity are 
shown in Fig. 6.1. The hole density at room temperature varies from 1.1 - 6.5x 1017 
cm 3 while the corresponding mobility varies from about 11 -4 em2/V. s. This range 
of variation is comparable with previously published results5 1.52. Reports of much 
higher hole mobilities are generally thought to be incorrect 121. The carrier density 
shows a clear activation energy with a decrease in density of between three and four 
orders of magnitude. The mobility increases with decreasing temperature before 
dropping sharply below -180K. The resistivity shows two activated regions. The 
first at temperatures above 180K is dominated by carrier freeze-out. Below this 
temperature impurity band transport is expected to dominate. 
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Fig. 6.2 shows the variation of Hall mobility as a function of hole concentration at 
300K. Comparing the data shown here with the equivalent data for n-type GaN 
shown in Figs. 1.1 and 5.4 it is apparent that the trend as a function of carrier density 
is less clear. Above 1018 cm 3 the mobility tends to decrease with increasing hole 
density. However, below 1018 cm3 there is no clear trend presumably reflecting a 
wide range of compensations in the material studied to date. 
100 
Reported in the literature 
Our experimental data 
G 
A 
10 k° ýý 
0ý 
0 
"ý 
A0 
I 
10" 
I 
1018 
Hole Concentration (cm 3) 
A 
1019 
Fig. 6.2: A comparison of 300K hole mobility vs. hole density for the samples 
reported here and for those reported in the literature. The references are 
given in the text. 
A comparison of p-type transport data with the n-type material of the last chapter is 
useful. In Fig. 6.1(a) the trap-out region in these layers extended over several orders 
of magnitude in the temperature interval from room temperature to -150K. In 
contrast in the n-type material the trap-out over the same temperature interval is at 
most one order of magnitude. This is a clear sign that the activation energy of the Mg 
acceptor is much greater than that of the shallow donors. The sharp drop in the 
mobility seen in Fig. 6.1(b) is similar to that seen in n-type GaN except that the 
maximum temperature at which this effect is significant is higher in the p-type 
material (150K compared to 70K). Fig. 6.1(c) shows that the resistivity of the p-type 
A0A 
... ý 
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material varies from -1 to -105 a cm in the temperature range of 300 to 50K while 
in the same temperature range in the n-type samples it changes between -10', to at 
most 102 O. cm. Considering our previous discussion for the n-type samples the 
measured data in Fig. 6.1 shows similar evidence for impurity band conduction. 
Consequently, we have used the "two-band" transport model to analyse the data. 
This model includes the valence band (VB) and the acceptor impurity band (113) 
transport. In the analysis we have used the same material parameters as for the n- 
type material, listed in Table 2.2. The one exception is that we have considered the 
deformation potential to be a fitting parameter. This is discussed in more detail later. 
6.2 Quantitative Characteristics 
For the analysis of the Hall carrier density data we have used Maxwell-Boltzmann 
statistics for the distribution of holes among the available energy states, as explained 
in chapter 2. This is reasonable because a comparison of hole concentration at 300 K 
in these samples with the effective density of states N (=5x 1019cm 3) shows that 
only about 1% of the available states are occupied by free holes. In other words the 
Fermi energy is >_4kBT away from the top of the valence band. In order to fit three 
unknown parameters, Na, AEa and density of compensating centres, Nd, in the 
quadratic expression (eq. 2-13b) for the free hole density, the temperature 
independent carrier density at low temperatures, as we saw in the previous chapter, 
can provide an additional constraint. Eq. 2-13b on its own only allows an estimate of 
Na - Nd to be made, while reasonably good fits can be obtained with a range of 
compensation ratios. In this case, the impurity density found to fit the mobility can 
be used to provide an additional constraint to the fitting of the carrier density. To 
model the hole mobility data we have used relaxation time approximations and the 
total mobility was found by using Matthiessens's rule. We then use the normal self- 
consistent approach to obtain a best fit to both the carrier density and mobility. 
Throughout we have considered the Hall scattering factor to equal unity. 
Fig. 6.3 shows the detailed of the fitted two-band theory in both the Hall carrier 
density and mobility data for sample AX-984. 
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In Fig 6.3(a) the dashed blue curve shows the variation of hole density in the valence 
band while the solid red curve shows the apparent hole carrier density as a function 
of temperature. Fig. 6.3(b) shows the various scattering components involved in 
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fitting the hole mobility data. For the impurity band mobility we used the slope of 
resistivity data at low temperatures, which was 26 meV for this sample. According to 
our analysis we have found Na = 1.04x 1020 cm 3, AEa = 165 meV, 0=0.026 and Nd;, 
= 6x 109 cm 2 in this sample. It is clear from this figure that by considering 
conduction within the acceptor impurity band in addition to the VII, can give quite 
good fits to the experimental data. There is still some uncertainty in the literature 
about the hole effective mass with values ranging from 0.8m0 to 2.2m0 for the heavy 
hole mass. We found in our fitting that if we considered the hole mass to be 0.8m0 
we obtained a relatively poor fit to the mobility and the acceptor binding energy was 
reduced. This was a result of the fact that for a binding energy of 165meV more 
acceptors are required to obtain the hole density required. This increase in acceptors 
increased the neutral impurity scattering, which decreased the mobility and made it 
quite temperature independent even at temperatures close to room temperature. 
Using a density of states effective mass of 1.6m0 reduces the neutral impurity 
scattering relative to other scattering mechanisms. No significant improvement could 
be obtained using a higher hole mass. Kim et a1S3 have considered space charge 
scattering as an additional scattering mechanism. The reason for this is not clear. 
They also neglect to include neutral impurity scattering. The justification for this is 
not known. We used a similar analytical procedure for other samples. Fig. 6.4 shows 
the results of these fits. The fitted parameters for all the samples are listed in Table 
6.1. 
Table 6.1: The best fit parameters for the p-type samples, shown in Fig. 6.4. 
Sample ID N. (cm') AE, (meV) E4jeV) 0 Nd (CM' 2) 
AX-984 1.04x 1020 165 20 0.026 6x 10 
AEC-89 2.33x1019 175 16 0.035 2x10 
AEC-81 1.84x10") 180 30 0.052 6x1010 
AEC-86 8.90x10'8 166 18 0.013 4x10'° 
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In general the fits shown in Fig. 6.4 are quite good considering the simple model 
used for scattering within the valence band. We allowed the deformation potential 
and the dislocation density to vary as fitting parameters. The trends seen in Table 6.1 
appear reasonable although the high deformation potential required to obtain a good 
fit to AEC-81 is difficult to justify. 
In conclusion we have been able to fit the hole mobility and carrier density self- 
consistently over a wide temperature range by including impurity band conduction 
and transport within the valence band, where neutral impurity scattering was found 
to be very important. Clearly a more sophisticated model of transport within and 
between the heavy- and light-hole bands is required to extend this model further. 
118 
Chapter 7 Electron Transport in InGaN 
In this short chapter we report some of the first data on the electron transport 
properties of an In,, Ga1_XN, x=0.26, layer measured as a function of temperature. 
Such measurements are normally difficult to interpret because of the parallel 
conduction in the underlying GaN buffer layer. The same situation is true here, the 
InGaN layer was grown on top of a Si-doped GaN buffer layer. Since both layers are 
conducting we must use a model equivalent to the interfacial layer model described 
in chapter 5. To obtain reasonably accurate material properties for the alloy requires 
that we know accurately the properties of the GaN buffer. Here however, we were 
able to measure the properties of a GaN sample grown under similar conditions with 
the same nominal doping levels on the same reactor where the time between the two 
growth runs was relatively small. 
The little data that is available has been reviewed by Mohammad and Morkog122. 
Yoshimoto et al. 83 found that the room temperature mobility varied with growth 
temperature. Their highest mobility was -100cm2/Vs. This was obtained at a growth 
temperature of 900°C but at a reduced carrier density of . 1018cm 3. Temperature 
dependent transport measurements have been reported by Geerts et al. 123 
7.1 InGaN/GaN two-layer analysis 
The sample studied (AEC-53) consists of two conducting structures in parallel; a Si- 
doped GaN buffer layer grown on sapphire, and an Ino. 26Gao. 74N non-intentionally 
doped alloy layer on top. The GaN layer had a thickness of 0.6 µm while the alloy 
layer was 0.15 µm thick. The data for the whole structure are shown by the black 
circles in Fig. 7.1. To find and analyse the alloy layer data alone we need to know 
about the carrier transport in the buffer layer separately. Fortunately we have been 
able to measure a Si-doped GaN epilayer (sample AEC-40) which was grown under 
the same conditions as the buffer layer of AEC-53. This data is shown in Fig. 7.1 by 
the open squares. The solid curves in these data correspond to a two-band analysis of 
the GaN layer, using the procedure described in chapter 5. The fitting parameters 
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are: NO = 3x 1017 cm 3, DEdI = 14 meV, 0=0.50, Nd2 = 1.2x 1017 em 
3, DEd2 = 40 
meV and Nd; s = 8x 108 cm 
2. Assuming that the second layer in our alloy sample has 
an equivalent transport properties to AEC-40, grown under similar conditions, then 
the temperature dependent of nj, µl of the alloy layer can be found by rearrangement 
of eqs. (3-33) and (3-34) to give 
_d 
nHµH -n2µ2d2/d) 2 n, d, nHµH -n2µ2 d2/d 
and 
nHµýº -nzµi d2/d µj - nxµx - n2µ2 d2 /d 
where d=dl+d2 and layer "1" is the InGaN. The result of this procedure is shown by 
the open triangles in Fig. 7.1. Although the calculated data is a little noisy there are 
some interesting trends in these results. (1) The InGaN layer has a high carrier 
density - 8x1017 cm 
3 @300K. (2) The temperature dependent of Hail carrier density 
shows a minimum. (3) Mobility data indicate a broad and flat region from 350K to 
lOOK with a value of -150 cm2/V. s. At lower temperatures, down to 30K, it drops 
gradually and tends towards a saturated value at low temperature which is higher 
than that of the buffer layer. (4) The calculated resistivity data show that the 
resistivity of the material at low Ts changes with a smaller slope than at higher 
temperatures. These trends are very similar to those already seen in chapter 5 and 
give some confidence in the analysis. Indeed the carrier density and mobility at 300K 
are comparable to those report by Yoshimoto et al. 83 
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7.2 Analysis of the n-type InGaN Carrier Density and Mobility 
The InGaN transport properties found above look similar to the GaN data discussed 
previously. Consequently we analysed these results using a model involving 
transport in the conduction band and an impurity band. Because of the noisy data we 
have tried to analyse the data on the basis of two-band theory including Maxwell- 
Boltzmann statistics, as explained and used in chapters 3,5 and 6, to find 
approximate values for the donor density, their ionisation energy and concentration 
of compensating centres. We ignore here any complications that may arise as a result 
of residual strain and any consequent piezoelectric fields. 
In the transport analysis of an alloy material the effective mass of the carriers should 
be known. In an alloy semiconductor the lattice constant and the direct band gap will 
be an average of the binary compounds. Osamura et a!. 80 has shown that Eg(x) in the 
ternary In,, Gal_,, N alloy is a function of the molar fraction x, as given by eq. (2-19). 
Nakamura 81 has shown that this equation fits the experimental data quite well 
between x=0.07 and 0.33. To find the free electron effective mass in our sample, 
with 26% mole fraction indium content, we have used a similar procedure as 
described in section 5.5 with the exception that we have substitute this expression for 
Eg(x) with E8(P) in eq. (2-3). According to our calculations the best polynomial that 
can describe the variation of variation of me"/m0 vs. x is: 
= 0.22 - 0.128x +0.047x2 mo 
According to this equation the electron effective mass for our sample, with x=0.26 
is memo = 0.19, i. e. a 14% reduction compared to the effective mass in GaN. With 
this value we have analysed the alloy data as shown in Fig. 7.2. The fitted parameters 
are: Nd=2x 10'g cm 3, DEd =2 meV, 0=0.22 and Nd; s. =1x 109 cm 
2. This fit includes 
alloy scattering as described by eq. (3-20). As discussed in section 3.1.2.2.4 the alloy 
scattering potential used is to the difference in the binary alloy band gaps. The 
resulting fits, shown by the solid red curves in Fig. 7.2, are reasonably good. 
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In the latter all the involved scattering mechanisms including the alloy 
scattering has shown. 
rý 
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In conclusion we have been able to deduce the transport properties of an InGaN layer 
from a structure where the transport properties are modified by conduction in within 
the GaN buffer layer. We have been able to obtain reasonable fits to the electron 
mobility as a function of temperature although the agreement with the temperature 
dependence of the carrier density is less good. Clearly extending these measurements 
to a range of other compositions and doping densities would help to test the validity 
of these results. 
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Chapter 8 Temperature Dependence of the 
Electroluminescence in a GaN Homojunction LED 
In this final chapter we will consider how the electron and hole transport properties 
of GaN described previously, influence the electroluminescence (EL) properties of a 
GaN homojunction LED. A review of the status of LEDs has been provided by 
Akasaki and Amano'24 and Nakamura 125. While there have been many papers 
describing the EL properties of heterojunction and quantum well devices based on 
the InGaN/GaN/AlGaN alloy system, there have been relatively few describing the 
characteristics of homojunction structures grown either by MOCVD45,126,127,128,129 
or MBE130,131,132. Although internal absorption limits the efficiency and hence 
commercial exploitation of such devices, they offer a simple device structure on 
which to test the basic physical models of the EL processes. Even then differences in 
doping densities, layer thicknesses, mesa dimensions and device structures mean that 
it is difficult to make direct comparisons between published data. 
Arnano et at'5' 126 were the first to report the properties of a GaN p-n junction LED 
grown on an AIN buffer layer where the p-type region was activated to an estimated 
depth of 0.5µm by a 5kV low-energy electron beam. Their device had estimated 
electron and hole concentrations of 2x1017cm 3 and 2x1016cm 3, respectively. At a 
direct current (DC) of I OmA an EL peak at 3.35eV with a weaker feature at energies 
between 2.88eV and 3.18eV was observed. On the basis of cathodoluminescence as 
a function of accelerating voltage they believed that the near band edge emission was 
emitted from the n-type material while the longer wavelength emission derived from 
the p-type material. 
Molnar el al. 130 reported the first device grown by MBE and found a main peak at 
-2.88eV for DC measurements at 77K. At room temperature they saw weak EL at 
2.64eV. Schauler et al. 128 found that for an MBE grown structure with a 50nm 
nominally undoped recombination layer between the n- and p-type regions only one 
radiative transition was observed at about 3.35eV. However, Van Meyer et al. '32 
obtained similar results on a standard p-n junction structure. 
125 
The features observed by Amano et al. 45,126 and Nakamura et al. 127 were found to 
depend on the drive current and the hole carrier concentration in the p-type which, in 
turn, were found to depend on the crystal quality and whether the device was grown 
on a GaN or AIN buffer layer. Amano et al. 126 reported that the DC EL showed a 
strong near-band-edge UV emission peak at -3.35eV for a current of lOmA. For 
currents less than 30mA another EL peak at 2.88eV was observed. Nakamura et 
al. 127, found a peak at an energy of 2.88eV but no UV EL when the current was 
below 30mA. However, they did observe weak deep-level emissions between 
1.77eV and 2.48eV as the current was increased and at 50mA, a weak UV EL was 
observed at 3.18eV. Broadly similar results were obtained by Schauler et al. 128 and 
Khan et al. 129. In the latter case the p-type material was activated by a 30s rapid 
thermal anneal at 1150°C. 
Nakamura et a1125.127 then consider the reasons for the difference in the UV EL 
between the LEDs with GaN and AN buffer layers. They state that current density 
for their LED is almost the same as those of Amano et al. 45 , 126 and that 
consequently this is not responsible for the differences in EL observed. However, 
this assertion is not necessarily correct. The current density, J, is made up of both an 
electron and hole contribution given by, 
J=J, +Jp 
where J. is given by 
_ 
eD, np eV 
-1 j° L 
[exp( 
illT 
. 
(8-1) 
(8-2) 
for low injection levels and Jp is given by an equivalent expression133 The symbols 
in eqs. (8-1) and (8-2) have their usual meaning. Clearly the ratio of electron to hole 
injection can vary greatly as the parameters change. Nakamura et a1125.127 also 
believe that the 2.88eV blue emission centres are related to energy levels introduced 
into the band-gap by the Mg doping. They further believe that the density of these 
centres is greater in the p-type layer grown on a GaN buffer. Consequently, the 
intensity of the blue EL is much stronger than that of the UV EL in LEDs with GaN 
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buffer layers. This proposal appears to be consistent with the fact that the hole 
concentration of the p-type layer in the LED with a GaN buffer layer was 8 x1018 
cm 3. This is much higher than the -I0i6cm 3 achieved in the LED with the AIN 
buffer layer. However, the resulting reduction in the electron injection efficiency 
makes this explanation less convincing. The external quantum efficiency, il,,,, is 
given by the product of the internal quantum efficiency, Tli"t, and the extraction ratio. 
The extraction ratio depends on the emission wavelength and device design. For the 
device considered here, as with most homojunction structures, the extraction ratio is 
influenced by reabsorption, the distance from the surface to where the light is being 
generated, and losses due to reflections at the various interfaces in the structure. In 
the analysis that follows we have assumed that these factors are independent of the 
device temperature so that what we observe reflects changes in the internal quantum 
efficiency. The internal quantum efficiency for electron injection into p-GaN and for 
hole injection into n-GaN should be considered separately. For the former il; te is 
given by 
li. 
te - Ile, ie 
where the current injection efficiency is given by 
_. s - '1e 7 
and the radiative efficiency is given by 
Ja +JP 
T 
Tr 
(8-3) 
(8-4) 
(8-5) 
where r, and r are the radiative lifetime and total lifetime for injected electrons, 
respectively. 
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In this chapter I report detailed measurements of the EL properties of a GaN 
homojunction LED as a function of temperature, drive current and duty cycle. I have 
tried to interpret the results obtained in terms of the minority carrier lifetimes and the 
role played by the temperature dependence of the hole carrier density in changing 
these parameters. A simple model is presented which predicts most of the basic 
features observed. 
Mesa = 
320µm 
o. sgm GaN: Mg xffi ;e1x 1020cm3 
tn, %; 1.4µm GaN: 
Si Si -- 2x1O18cm 
3 
Electroluminescence 
-0. 
Ni/Au contacts 
.1 
Sapphire substrate 
Fig. 8.1: Schematic diagram of the device structure showing nominal thicknesses 
and doping of the n- and p-type regions. 
P-n junctions were grown on basal plane sapphire by MOCVD. A low temperature 
GaN buffer was used on which the device structure was subsequently grown. The 
structure is shown schematically in Fig. 8.1. Details of the device doping and growth 
are given elsewhere134. A circular mesa structure with a diameter of 320µm was 
prepared by dry etching through the p-type layer as indicated in Fig. 8.1. Ni/Au 
bilayer contacts were thermally deposited on both the n and p-type regions. Details 
of the experimental arrangement have been described in section 4.6. However, it 
should be emphasised that all spectra reported here were obtained at a fixed current 
and with the EL emission being detected through the sapphire substrate. 
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8.1 Room Temperature Electroluminescence 
The normalised EL spectra taken at an ambient temperature of 295K for a range of 
duty cycles are shown in Fig. 8.2. With the exception of the 100% duty cycle data all 
the spectra were taken with a constant pulse width of 10µs while the repetition rate 
was altered to give the duty cycle shown. The spectra have been corrected for the 
system response using a calibrated light source and have been normalised by 
dividing the spectra by the duty cycle. An analysis of the interference fringes, as 
described in chapter 4, gives a thickness for the device structure of about 1.9µm in 
good agreement with the nominal layer thickness given in Fig. 8.1. The spectra for 
duty cycles <10% appear to be independent of the duty cycle while for duty cycles 
>10% a number of of ects can be seen. The amplitude of the main EL peak at 2.97eV 
decreases as the duty cycle increases, the amplitude of the peak at 2.48eV also 
decreases but less quickly. In contrast the amplitude of the peak at 3.38eV appears to 
be independent of the duty cycle. The two peaks at 3.38eV and 2.97eV are clearly 
resolved at the higher duty cycles. The decrease in intensity of the peak at 2.97eV 
could be interpreted as a saturation effect. However, this is not the case. The inset to 
Fig. 8.2 shows that the edge of the 3.38eV feature shifts to lower energies with 
increasing duty cycle. This is consistent with the sample temperature increasing due 
to resistive heating. 
Assuming that the temperature dependence of Eg is given by the Varshni equation135 
as described by eq. (2-1) the shift observed, relative to the data at the lowest duty 
cycle, can be related to an increase in device temperature as shown in Fig. 8.3. The 
error bars in the figure give an indication of the uncertainty in the temperature based 
on the range of Varshni parameters reported in the review by Pearton et a1136. The 
open data points show clearly that there is little heating of the device for the low duty 
cycles. The solid data points show a linear increase in temperature with duty cycle, 
which, for a current of SOmA, gives an increase in the device temperature of about 
65K. It is this increase in temperature that is responsible for the changes in intensity 
of the peaks at 2.97eV and 2.48eV as I show below. It is interesting to note that the 
amplitude of the 
'(3.31; eV feature seems to be insensitive to temperature changes in this range. 
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Fig. 8.2: Normalised electroluminescence as a function of energy for the duty 
cycles indicated. The inset shows the high energy end of the spectra in 
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Fig. 8.3: Device temperature as a function of duty cycle for the data of Fig. 8.2. 
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8.2 Temperature Dependent Electroluminescent Studies 
For all subsequent spectra, taken as a function of temperature, a fixed duty cycle of 
10% was used. This was a compromise between reducing the device heating and 
maintaining an adequate signal to noise ratio. Figs. 8.4 and 8.5 show how the EL 
spectra change with temperature. For each temperature five spectra are shown with 
currents varying between lOmA and 50mA in lOmA steps. The variation of the EL 
intensity with drive current will not be discussed here although it is interesting to 
note that the very weak EL for currents of lOmA at temperatures above about 260K 
indicates the increasing role of non-radiative recombination. Here I discuss how the 
spectral features seen at 5OmA change with temperature. 
First it is interesting to note the good agreement between the high duty cycle data of 
Fig. 8.2 and the high temperature data of Fig. 8.5. The intensity difference between 
the data in these two figures is due to the normalisation of the data in Fig. 8.2. These 
results confirm the role of device heating in the high duty cycle data of Fig. 8.2. 
Similar results to those shown in Fig. 8.2 have been obtained by Calle et al. 134 as a 
function of pulse width. They explained the variation in amplitude of the 2.97eV 
peak as due to the long relaxation time of the acceptor. However the data of Figs. 8.2 
and 8.5 are most easily explained in terms of device heating. I explain below why 
such heating should have the effects seen. 
Next I consider the variation of intensity of the various peaks as a function of 
temperature. Above room temperature three peaks can be seen in Fig. 8.5. Their 
energies at 295K were found to be 3.38eV (0.1eV), 2.97eV (0.13eV) and 2.48eV 
(0.25eV). The numbers in brackets give an indication of the width of each peak. To 
analyse these results quantitatively I have fitted the experimental data using a series 
of gaussians. For the band edge emission where the EL lineshape is clearly modified 
by absorption I have modelled this by using a gaussian truncated by an absorption 
edge in a similar way to that reported by Mayer et al. 132. Such fits indicate the 
presence of two additional peaks at 3.21 eV (0.06eV) and 2.66eV (0.1 eV). With 
decreasing temperature to 80K these peaks shift to higher energy by about 0.1 eV for 
the near band edge emission and about 0.2eV for the lower energy emission. 
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Fig. 8.4: Electroluminescence spectra at temperatures in the range from 80K to 
205K. The current amplitudes are 10,20,30,40 and 50mA for a 10% duty 
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368K. The current amplitudes are 10,20,30,40 and 5OmA for a 10% duty 
cycle with a 10µs pulse width. The EL scales have been offset for clarity. 
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For example the peak at 3.21eV at 295K has shifted to 3.3eV at 80K. At 
temperatures below about 140K the distorted EL emission can only be modelled well 
by including additional emissions at 3.1eV (0.05eV) and 3.2eV (0.05eV). 
As shown in Fig. 8.6 the integrated EL intensity seems to follow two distinct trends 
as a function of temperature: 
2 56789 
1000/Temperature (K'l ) 
10 ii 
Fig. 8.6 Integrated electroluminescence as a function of reciprocal temperature for 
the peaks identified in Figs. 8.4 and 8.5. 
8.2.1 Features at 2.48eV, 2.66eV, 2.97eV and 3.21eV 
The intensity of the feature at 2.97eV increases by a factor of about 30 compared 
with 368K reaching a maximum at about 185K before decreasing as the temperature 
is further reduced to 80K. The peaks at 2.48eV, 2.66eV and 3.21eV follow a similar 
trend although the intensity is typically a factor of 10 - 20 smaller. At temperatures 
below about 140K the EL lineshape becomes distorted. We consider that the 
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additional gaussians at 3.1 eV and 3.2eV required to fit the lineshape are really 
associated with the other features observed at higher temperatures but have become 
distorted, perhaps as a result of band bending in the region where the recombination 
is taking place. Consequently we have shown in Fig. 8.6 the temperature dependence 
of the emission at 2.97eV and the sum of the remaining EL. 
8.2.2 The 3.38eV Feature 
For the feature close to the GaN band edge the intensity appears to remain constant 
as the temperature is reduced from 368K down to 236K. Below this temperature the 
intensity goes through a minimum at about 190K before increasing again to a 
maximum at about 155K. Below this temperature the intensity decreases as the 
temperature is reduced to 80K. 
8.3 Analysis of the Temperature Dependent Electroluminescence 
The two trends in the EL as a function of temperature will be discussed separately, 
where as mention previously the effects observed are considered to result from 
changes in the internal quantum efficiency. We will concentrate here on discussing 
the features observed at 3.38eV and 3.03eV. The features at other energies which I 
have added together in Fig. 8.6 follow the same trend and can be explain using an 
equivalent model to that proposed for the 3.03eV feature. 
Normally the constituent layers of an LED are degenerately doped so that one type 
of minority carrier injection dominates. Usually this involves electron injection into 
the p-type layer as hole injection into the n-type material often results in non- 
radiative recombination 137. Consequently the p-type layer should be several diffusion 
lengths thick so that effectively all the injected electrons recombine before reaching 
the surface where they would otherwise recombine non-radiatively. The degenerate 
doping of most Ill-V semiconductors also has the effect of making the transport 
properties of individual layers relatively insensitive to temperature. However, in all 
the GaN homojunction devices reported to date this is not the case because of the 
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activation of the hole free carrier density. Thus the temperature dependence of the 
hole carrier density plays a crucial role in the device performance. Typical transport 
properties for n- and p-type GaN have been discussed in chapters 5 and 6 
respectively, for the doping levels indicated in Fig. 8.1. Similar results have also 
been published elsewhere 53,138. Firstly we note that for n-type material with this 
doping density the carrier density is degenerate and consequently constant to within 
a factor of two over the whole temperature range considered here. This behaviour 
should be contrasted with the carrier density of p-type GaN which typically varies by 
three or four orders of magnitude. The majority electron mobility is sensitive to the 
doping level but for densities above 10'8cm3 it typically decreases by a factor of two 
as the temperature decreases from 400K to 100K. The majority hole mobility 
typically appears to be only weakly temperature dependent in the range from 180K 
to 400K, with a value of 10 cm2/V. s being typical. The mobility decreases strongly at 
low temperatures as carriers transfer to the impurity band where their mobility is 
low. Consequently neither the electron or hole injection is constant as a function of 
temperature. Moreover the minority carrier mobility of the injected carriers should 
also be considered. It has been reported recently that the minority hole mobility can 
be considered constant as a function of temperature and equal to the majority hole 
mobility139. The same authors suggest that the minority electron mobility is about 
0.12cm2/Vs at room temperature. This value is much lower than the majority 
electron mobility but can be understood qualitatively by the increased ionised 
impurity scattering of electrons from both the slow moving holes and the ionised 
acceptors left behind. It is consequently reasonable to expect that the minority 
electron mobility should be a rather strong function of the temperature. As the 
temperature is reduced it is expected to approach the measured majority carrier 
mobility for material with a high density of neutral impurities. Incorporating these 
effects into the calculation of electron and hole diffusion currents given by eqs (8-1) 
and (8-2) it is found that the current is dominated by electron injection below about 
200K while hole injection dominates above this temperature. 
In an attempt to explain the features seen in Fig. 8.6 we have considered a- model 
which involves band-to-band and non-radiative recombination in the n-type material. 
Assuming that the lifetimes for these two processes are effectively independent of 
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temperature the intensity of the band edge emission should follow the hole injection 
efficiency, yh, defined by analogy with eq. (8-4). This is shown by the long dashed 
curve in Fig. 8.6. Clearly the agreement with the high temperature emission at 
3.38eV is quite good. Note that it is the trend as a function of temperature that is 
important here, the absolute values are part of the fitting procedure in this basic 
analysis. It is therefore possible that the increase in the band edge emission at lower 
temperatures is due to the increasing electron injection efficiency, y`, at these 
temperatures. However, we find that such a simple picture does not tit the observed 
data well. It predicts that the emission should increase at a higher temperature than 
observed. To obtain good agreement with this data and with the emission at 2.97eV 
we have considered the following model for the recombination paths in the p-type 
region. It consists of band-to-band recombination, non-radiative recombination and 
electron capture to a deep state from which a radiative transition is then assumed to 
be possible. 
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Fig. 8.7 Schematic diagram representing the recombination of electrons injected in 
p-type GaN. 
Following the work of Basrur et al140 the recombination can he described in the 
steady state by 
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(8-6) 
where the effect of filling the deep level is incorporated by changing the capture 
lifetime. In terms of the empty band capture lifetime, Tc,. py, , Tc is given by 
N,. 
Tc = NT -N 
Tc empty (8-7) . 
where N is the concentration of electrons in the trap with a density of NT and tic empty 
is given by'33 
1 
tc cmnp, y = 6vhNT (8-8) 
with a thermal velocity vth and a capture cross-section of a. The band-to-band 
lifetime is given by'33 
3 
338ev To kBT mýmn z 
ad 2ýiF mr 
(8-7) 
where n, is the reduced mass. Given the unexpectedly high brightness of nitride 
based LEDs despite the relatively poor material quality we have considered non- 
radiative processes within the n-type material as unimportant compared with the loss 
of injected electrons to the contact. Consequently we have considered the non- 
radiative lifetime in the p-type GaN to be 3µs, but this value can be reduced due to 
electron transport to the ohmic contact. The transit time is given by 
- 
dP 
Tsoo-tad - 
Vý 
(8-9) 
where dp is the p-type layer thickness and ve is the electron drift velocity. This 
velocity is also a function of the temperature. As the hole concentration reduces with 
decreasing temperature an increasing voltage appears across the p-type region in 
order to maintain a fixed current. These effects tend to reduce the minority electron 
transit time to the contact as the temperature is reduced. 
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Combining these effects we find that as the temperature is reduced from 368K the 
EL intensity for below band gap emission increases mainly as a result of increasing 
electron injection and the reducing hole injection. This effect saturates at about 200K 
partly because the electron injection efficiency is close to unity and partly because of 
the increasing trapping time to the deep level. At lower temperatures the current is 
predominantly via electron injection. The EL intensity decreases at lower 
temperatures because of the temperature dependence of the radiative efficiency, 
given by eq. (8-5). This temperature dependence is mainly due to changes in the 
electron transit time across the p-type region. Simulations using this model give the 
solid curves in Fig. 8.6. In addition as the radiative lifetime for the below band gap 
emission increases a greater proportion of the injected electrons recombine via the 
band-to-band (or band-to-acceptor) process. This explains qualitatively the delayed 
increase in intensity of the band edge emission. 
In conclusion, in this chapter we have reported some EL spectra for a GaN 
homojunction LED as a function of temperature and have explained most of the 
features as a function of temperature on the basis of a simple model or electron 
injection and recombination in p-type GaN. In the future further more detailed 
analysis of such structures and the extension of the model discussed here to quantum 
well structures would be very interesting. 
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